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ABSTRACT

Sara N. Salerno: Application of Physiologically-Based Pharmacokinetic Modeling to
Characterize CYP3A-Mediated Drug-Drug Interactions in the Pediatric Population (Under the
direction of Daniel Gonzalez)

Children are at risk for experiencing life-threatening drug-drug interactions (DDIs)
because they often receive multiple medications throughout hospitalization. Although DDIs
frequently occur in pediatric patients, dedicated DDI studies are rarely conducted in infants and
children for ethical and practical reasons. Therefore, we typically rely on adult DDI studies
although changes in metabolic pathways during development may lead to differences in DDI
potential between adults and children. For example, cytochrome P450 (CYP) 3A7 is the
predominant CYP3A isoform expressed in neonates and it has lower catalytic activity compared
to CYP3A4, the predominant CYP3A isoform expressed in adults. Physiologically-based
pharmacokinetic (PBPK) modeling can potentially overcome these challenges by predicting
pediatric DDI potential when pediatric data are sparse or unavailable. In this dissertation we
leveraged PBPK modeling to develop a systematic approach to provide dosing recommendations
in pediatric patients experiencing CYP3A mediated DDIs spanning a variety of interaction
mechanisms across the pediatric age continuum. First, we evaluated the DDI between the
reversible CYP3A inhibitor, fluconazole, and the CYP3A substrate, sildenafil, administered to
neonates for the co-treatment of invasive candidiasis and pulmonary hypertension. This study
highlighted the feasibility of leveraging PBPK modeling to predict DDIs in infants and the need

to include CYP3A7 parameters in neonates. Second, we evaluated the complex DDI between



lopinavir/ritonavir (LPV/RTV) plus rifampicin involving mixed CYP3A time-dependent and
competitive inhibition plus induction in pediatric patients co-infected with human
immunodeficiency virus (HIV) and tuberculosis (TB). Despite the complexity of this interaction,
we were able to capture the observed magnitude of the DDI in pediatric patients receiving
boosted LPV/RTV plus rifampicin. Finally, this systematic approach was applied to predict DDI
potential and to optimize dosing in pediatric patients receiving a novel antibiotic and time-
dependent inhibitor (solithromycin) in combination with the CYP3A substrate, midazolam, and
the strong CYP3A inhibitor, ketoconazole. In this study, minor age-related differences in
inhibitor concentration resulted in slight differences in the magnitude of the DDI between
pediatric patients > 2 months of age and adults. This systematic approach can be applied to other
clinically relevant metabolic and transporter mediated DDIs when pediatric DDI data are sparse

or unavailable.
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CHAPTER 1 : PEDIATRIC DRUG-DRUG INTERACTION STUDIES: BARRIERS AND
OPPORTUNITIES!

1.1 Introduction

Drug-drug interactions (DDIs) can lead to therapeutic failure and life-threatening adverse
events. Hospitalized children are at particularly high risk for experiencing DDIs because they
often receive multiple medications throughout hospitalization. Although regulatory agencies
require an evaluation of DDI potential in adults during drug development, such studies are rarely
performed in the pediatric population for ethical and practical reasons. Therefore, when pediatric
patients receive unavoidable drug combinations that may result in adverse outcomes,
recommendations for clinical management are typically based upon evidence from adult DDI
studies. However, changes in metabolic pathways during growth and development may lead to
significant differences in DDI potential between adults and children. For example, cytochrome
P450 (CYP) 3A7 is the predominant CYP3A isoform expressed in neonates and it has lower
catalytic activity compared to CYP3A4, the predominant CYP3A isoform expressed in adults.*

Physiologically based pharmacokinetic (PBPK) modeling integrates physiological and
drug specific properties to simulate drug exposure. PBPK modeling is an attractive approach to
evaluated pediatric DDI potential because it can account for developmental changes in enzymes

and transporters, it can predict complex and dynamic DDIs, and models can be evaluated using

This chapter previously appeared as an article in the Journal of Clin Pharmacol Ther. The original citation is as
follows: Salerno SN, Burckart GJ, Huang SM, and Gonzalez D. Pediatric Drug-Drug Interaction Studies: Barriers
and Opportunities. Clin Pharmacol Ther. 2018; 105(5):1067-1070.



sparse or limited pediatric datasets.> Although PBPK modeling is widely used to predict DDI
potential in adults, there is only one published example where PBPK modeling has been applied
to evaluate pediatric DDIs and it focused on children > 6 years of age and assumed DDI potential
was the same in adults as children.® The overarching goal of this research is to develop a
systematic approach leveraging PBPK modeling to provide therapeutic recommendations for
pediatric patients at risk for experiencing CYP3A mediated DDIs. In order to develop this
framework, 1 first develop and evaluate PBPK models using probe drug combinations with
pediatric DDI data available including: sildenafil plus fluconazole and lopinavir and ritonavir
(LPV/RTV) plus rifampicin. Next, | predict DDI potential and determine optimal dosing for a
CYP3A substrate and time-dependent inhibitor, solithromycin, with extremely limited pediatric
DDI data available. This approach can be used to evaluate other types of metabolic and
transporter mediated pediatric DDIs. This research will revolutionize our current understanding
of pediatric DDIs by predicting DDI potential and informing therapeutic recommendations when
pediatric clinical DDI data is not available.

1.2 Background on Drug-Drug Interactions (DDIs)

DDls occur when one drug changes the activity of another drug, which can lead to life-
threatening adverse events or therapeutic failure. DDIs can broadly be categorized as
pharmaceutical incompatibility, pharmacokinetic (PK), or pharmacodynamic (PD) interactions
(Figure 1.1). DDiIs arising from pharmaceutical incompatibility occur when drugs with
incompatible physio-chemical properties are combined, such as acids and bases and positively
and negatively charged species. One example is the DDI between heparin (negatively charged)
with protamine (positively charged) leading to drug inactivation of both compounds.” With PK

mediated DDIs, one drug changes the concentration of another drug leading to ‘supra-



therapeutic’ (increased) or ‘sub-therapeutic’ (decreased) drug concentrations. ‘Supra-therapeutic’
concentrations can lead to adverse events, while ‘sub-therapeutic’ concentrations can result in
therapeutic failure. The drug that causes changes in concentrations of another drug is called the
‘perpetrator,” while the drug whose concentration changes is called the ‘victim’ or ‘substrate’
drug. Finally, PD mediated interactions occur when a drug changes the effects of another drug
without altering drug concentrations. Synergistic PD mediated DDIs occur when a drug extends
the dose-response curve of another drug to the left indicating that equal effects are produced by
decreasing drug concentrations; while antagonistic DDIs occur when a drug shifts the dose-
response curve of another drug to the right indicating that higher concentrations are needed in

order to achieve equal drug effects.”®

PK mediated DDIs can be due to changes in the rate and/or extent of absorption (e.g.,
alterations in drug solubility due to pH changes, changes in gastric emptying, or alterations in
first-pass metabolism), distribution (e.g., displacement from protein binding sites), metabolism
(e.g., inhibition or induction of the cytochrome P450 system (CYP)), transport (e.g., inhibition of
transport into hepatocytes through organic anion transporting polypeptide [OATP] 1B1, 1B3,
2B1), or excretion (e.g., alterations in renal or biliary excretion). Metabolic DDIs can further be
categorized based on whether the mechanism involves induction or inhibition of a drug
metabolizing enzyme. Enzyme induction is the process where a drug enhances the metabolism of
another drug, typically through upregulation of nuclear receptors such as pregnane X receptor,
constitutive androstane receptor, and aryl hydrocarbon receptor, which increases expression of
the drug metabolizing enzyme. In contrast, enzyme inhibition is the process by which a drug
inhibits the metabolism of another drug. Inhibition can be classified as competitive,

noncompetitive, uncompetitive, or time-dependent inhibition (TDI) based on the biochemical



mechanism. Competitive inhibitors bind to the same site on the enzyme as the substrate, and the
interaction can be overcome by adding high substrate concentrations. Uncompetitive inhibitors
bind to the enzyme-substrate complex rather than to the free enzyme. With noncompetitive
inhibition, the inhibitor can bind to both the free enzyme (competitive) as well as the enzyme-
substrate complex (uncompetitive). Time-dependent inhibitors exhibit increased potency of
inhibition when pre-incubated with the enzyme prior to addition of substrate. Time-dependent
inhibition (TDI) can result from irreversible covalent binding of the drug to the enzyme, quasi-
irreversible noncovalent tight binding of an intermediate to the enzyme, or reversible inhibition
from a metabolite produced during the enzymatic reaction. Mechanism-based inactivation is a
type of TDI in which the enzyme reacts with the substrate to form a chemically reactive
metabolite that inactivates the enzyme.’”'° Mechanism-based inhibitors can lead to permanent
inactivation of the target enzyme that is only restored by enzyme re-synthesis resulting in slow-

onset and long-lasting clinical effects.

Since DDIs can lead to therapeutic failure and life-threatening adverse events, it is critical
to evaluate DDI potential for new molecular entities during drug development. The U.S. Food
and Drug Administration (FDA) has described the recommended in-vitro studies to determine
DDI potential during drug development. For metabolism mediated DDIs, an investigation should
be performed to determine the metabolizing enzymes involved in drug disposition as well as
whether the investigational drug is an inhibitor or inducer of key metabolizing enzymes
(CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2D6, and CYP3A4/5) (Figure 1.2).1! Reaction
phenotyping experiments should be performed to determine the specific metabolizing enzymes
that are involved in the metabolism of an investigational drug using (1) chemicals, drugs, or

antibodies as specific enzyme inhibitors with pooled human liver microsomes and (2) individual



human recombinant CYP enzymes. Additional studies should also be performed to determine
whether the investigational drug is an enzyme inhibitor or inducer using human liver
microsomes, microsomes obtained from recombinant CYP-expression systems, or hepatocytes.!
Results from these assays can determine if the sponsor should conduct an in-vivo clinical DDI

study in adults or perform modeling and simulation to evaluate adult DDI potential.

The FDA has also issued a draft guidance on the study design, data analysis, and clinical
implications on conducting clinical DDI studies.*? Clinical DDI studies should be performed
before the drug is administered to patients who are likely to take concomitant medications that
can interact with the investigational drug. These clinical DDI studies compare substrate
concentrations in the absence and presence of strong index perpetrator drugs, which
predictably inhibit or induce drug metabolizing enzymes or transporters in a known manner. If a
drug is anticipated to be an inducer or inhibitor of drug metabolizing enzymes, then studies
should also be performed in the absence and presence of sensitive index substrates, defined as
drugs known to be susceptible to metabolism by drug metabolizing enzymes. Typically, clinical
DDl studies are performed in healthy adult volunteers using a randomized, two-way crossover
design to reduce inter-subject variability. An intensive PK sampling strategy followed by non-
compartmental analysis is generally performed to determine PK endpoints such as area under the
plasma concentration versus time curve from zero to infinity (AUCo.-) for single dose studies,
area under the plasma concentration versus time curve from zero to tau (AUC;) for multiple dose
studies, maximal plasma concentration (Cmax), and the time to Cmax (Tmax). The FDA has
recommended that PK results be reported as the geometric mean ratio of the observed PK
parameter with and without the perpetrator drug along with the associated 90% confidence

interval. No-effect boundaries are used to determine whether the interaction is significant, and



can be determined based on (1) the concentration-response relationship of the drug or (2) if the
90% confidence intervals for systemic exposure ratios (Cmax, AUC) fall entirely within the
equivalence range of 80% to 125%. If clinically significant DDIs are anticipated based on these
results, then clinical management can include contraindicating the drug combination, temporarily
discontinuing one of the interacting drugs, modifying dosages of the new drug or concomitant
drug, staggering drug administration, or monitoring patients receiving the drug combination for
safety and efficacy.
1.3 Pediatric Patients Are at Risk for Experiencing DDIs

Children are at risk for experiencing DDIs because they receive multiple medications
throughout hospitalization. A retrospective cohort study using the Pediatric Health Information
System database (PHIS) reported that out of 54,549 admissions to the pediatric intensive care
unit, children were exposed on average, to 10 distinct medications daily and to 20 medications
cumulatively during hospitalization.® The most common medications in this study included
acetaminophen, fentanyl, midazolam, ranitidine, heparin, morphine, potassium chloride,
furosemide, lidocaine, and epinephrine.'® In another retrospective cohort study using the PHIS,
approximately half of hospitalized children were associated with a potential DDI based upon
498,956 pediatric hospitalizations within 42 United States children’s hospitals.}* Additionally,
5%, 41%, 28%, and 11% of these potential DDIs were considered ‘“‘contraindicated,” “major,”
“moderate,” and “minor” based on the Micromedex® DRUG-REAX® classification system.*
The most common therapeutic categories implicated in these potential DDIs included: opioids
(25%), antiinfective agents (17%), neurologic agents (15%), gastrointestinal agents (13%), and
cardiovascular agents (13%). While actual adverse events could not be determined in this

population given limitations with the database, the most common adverse events associated with



these potential DDIs are additive respiratory depression (21%), bleeding risk (5%), QT interval
prolongation (4%), reduced iron absorption/availability (4%), central nervous system depression
(4%), hyperkalemia (3%), and altered diuretic effectiveness (3%).** These studies affirm the
need to determine DDI potential along with clinical management strategies to minimize risks
associated with DDIs in the pediatric population.**
1.4 Ethical and Practical Challenges with Conducting Pediatric DDI Studies

Dedicated DDI studies are rarely performed in the pediatric population for a variety of
ethical and practical reasons. As a vulnerable population, it is unethical to expose pediatric
patients to a DDI that may result in therapeutic failure or adverse events. Per 21 CFR 50 subpart
D regarding clinical investigations in pediatric subjects that are associated with a more than
minimal risk, children cannot be enrolled in clinical trials unless there is an anticipated benefit
for the research subjects.'® Consequently, a DDI assessment would have to be conducted in
pediatric patients requiring the drug combination as part of routine therapy. There are also
numerous practical challenges associated with conducting pediatric trials. There are fewer
children than adults in general, leading to a small population of children with the disease or
condition that are eligible for study inclusion. Consent rates are typically low for pediatric trials
because of parental concerns enrolling their children into research studies, which is influenced by
socioeconomic status, race, recruitment strategy, perceived risks, as well as the age and health
status of the child.®!" Furthermore, there are logistical concerns with conducting pediatric DDI
PK studies including: limited blood volume available in infants and young children for PK
sampling, difficulty obtaining blood samples from infants, and the need for multiple clinical trial

sites to complete enrollment.8



1.5 Age Related Changes in DDI Potential

Since prospective DDI studies are rarely performed in the pediatric population for the
aforementioned reasons, recommendations from adult DDI studies are often extrapolated to
pediatric patients to guide clinical management of potentially interacting drug combinations.
However, extrapolating adult DDI data to pediatric patients can under or over predict the
magnitude of DDIs. In a systematic literature review, fold interactions were compared between
31 pediatric studies and 33 adult studies for 24 drug pairs using clearance, steady state plasma
concentrations, or AUC.!® Fold interactions were higher (>1.25-fold) or lower (<0.8-fold) in
pediatric patients compared to adults for 15 and 8, respectively, out of these 33 cases.!® By
example, digoxin plus amiodarone and lamotrigine plus valproate resulted in a 2.18-fold higher
and 0.58-fold lower exposure, respectively, in pediatrics compared to adults.*® Furthermore, a
PBPK model demonstrated that the magnitude of metabolic DDIs depended on the ontogeny
profiles of the relevant drug metabolizing enzymes as well as the fractional elimination pathway
of the drug being inhibited.?’ For example, for a theoretical drug with a fraction metabolized of
0.5 for both CYP2D6 and CYP3A4 at birth, co-administration of ketoconazole (3 mg/kg)
resulted in a 1.9-fold, 3.1-fold, and 4.7-fold difference in inhibited versus uninhibited AUC for
newborns, 1-year olds, and adults, respectively.?° These results highlight that there may be
different risks associated with DDIs in pediatric patients at various ages compared to adults.
1.6 Clinically Relevant CYP3A Substrates in the Pediatric Population

The CYP3A subfamily has been reported to metabolize approximately 30% to 60% of
clinically used drugs in adults.>?* Based on the top ten medications administered to hospitalized
pediatric patients from the largest clinical and operational comparative data warehouses in the

nation (Premier Perspective database) as of 2008, 30% of these top ten medications were



metabolized primarily or partially by CYP3A (lidocaine, fentanyl, and ondansetron).?? The top
ten medications differed slightly by pediatric sub-age groups. The top ten medications that were
CYP3A substrates included lidocaine and fentanyl for children under 2 years of age;
ondansetron, prednisolone, fentanyl, methylprednisolone, and midazolam for children between 2
and 4 years of age; ondansetron, fentanyl, midazolam, and lidocaine for children between 5 and
11 years of age; and ondansetron, fentanyl, and midazolam for children between 12 and 17 years
of age.?? Another study reported the top 100 medications commonly administered to neonates
using a database containing information on infants discharged from 305 neonatal intensive care
unit from 2005-2010 managed by the Pediatrix Medical Group.?® Using drug specific
information reported in Epocrates® and DrugBank® for these top 100 medications, 50% of the
drugs metabolized by phase 1 metabolism in the liver were CYP3A substrates including:
fentanyl, midazolam, indomethacin, hydrocortisone, erythromycin, dexamethasone, clindamycin,
lansoprazole, fluticasone, budesonide, omeprazole, methadone, prednisone, beclomethasone,
diazepam, and sildenafil.>-%° Since hospitalized children are frequently prescribed drugs
metabolized by CYP3A, managing CYP3A mediated DDIs can improve medication use in this
vulnerable group.
1.7 Age Dependent Changes in Expression and Catalytic Activity of CYP3A

The first two years of life are a time of rapid growth and development. In particular, the
maturation of drug-metabolizing enzymes contribute significantly to age-related changes in non-
renal drug clearance (CL). Hines et al. have postulated that there are three major classes
describing the developmental trajectories of hepatic drug metabolizing enzymes (Table 1.1).2°
Class 1 enzymes, such as CYP3AY7, are highly expressed in the fetus during the first trimester of

life with levels either remaining elevated or decreasing throughout gestation. Expression of class



2 enzymes, such as CYP3A5 and CYP2C19, remain relatively constant throughout gestation and
into adulthood. The majority of enzymes fall into Class 3, in which expression is low during
gestation with levels increasing significantly upon maturation.?® CYP3A4 is an example of a
class 3 enzyme with levels reaching full capacity around 2 to 3 years of life. A developmental
switch has been used to describe maturation of the CYP3A subfamily where CYP3A7 expression
dominates in the fetus and neonate while CYP3A4 expression dominates in the adult.! For
example, the mean expression of CYP3A7 decreases from 142.2 pmol/mg during the neonatal
period (first 30 days after birth) to 4 pmol/mg in adults, while the mean expression of CYP3A4
increases from 5 pmol/mg during the neonatal period to 98 pmol/mg in adults.>?"?® These
expression differences can lead to profound changes in drug metabolism for CYP3A substrates
between adults and young children.

Although there is an overlap in sequence homology and substrate specificity, catalytic
activity can also differ among the CYP3A subfamily. A study comparing the metabolic capacity
for CYP3A using 10 different CYP3A substrates reported an equal or reduced metabolic
capability for CYP3A5 compared to CYP3A4, and a significantly lower catalytic activity for
CYP3A7 compared to CYP3AA4.2 The in-vitro clearance values measured using low substrate
concentrations were higher for CYP3A4 compared to CYP3A5 and CYP3A7 for all of these 10
substrates evaluated: midazolam, testosterone, alprazolam, estradiol, triazolam, nifedipine,
diltiazem, BFC, tamoxifen, and clarithromycin (Table 1.2).2 Similarly, another study comparing
the in-vitro biotransformation of midazolam, triazolam, testosterone, and nifedipine using
recombinant CYP3A4 and CYP3AGS reported lower intrinsic clearance values for CYP3A5
compared to CYP3A4.% Additionally, the inhibitory potency of fluconazole and ketoconazole

were approximately 9-fold lower and 4 to 19-fold lower, respectively, for CYP3AGS relative to
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CYP3A4.223 Finally, TDI kinetic parameters were either lower or TDI was not observed at all
for CYP3A5 compared to CYP3A4 for 10 out of 12 CYP3A4 time-dependent inhibitors
evaluated.* Although limited inhibition data are available for CYP3A?7, these studies indicate
that CYP3AS5 and CYP3AT have lower catalytic and inhibitory potency compared to CYP3A4.
These differences in catalytic activity along with the ontogeny profiles of CYP3A can lead to

profound differences in CYP3A mediated DDI potential between adults and pediatric patients.
1.8 Additional Factors Leading to Age Related Changes in DDI Potential

There are additional variables besides ontogeny of drug metabolizing enzymes that can
influence DDI potential in pediatric patients relative to adults. Other developmental changes may
need to be considered, including changes in intragastric pH, gastric emptying, intestinal motility,
protein binding, and transporter ontogeny. Differences in diet, drug combinations, formulations,
and dosing may also play an important role in dictating pediatric DDI potential. Additionally, the
exposure-response relationship may differ between adults and pediatric patients because of
altered expression and function of proteins mediating drug effect. In fact, the majority of
potential DDIs identified retrospectively in hospitalized pediatric patients were associated with
PD interactions such as additive respiratory depression and gastrointestinal toxicity.'* Moreover,
age-related changes in disease progression and safety can occur due to organ development and

altered tissue distribution.®
1.9 Potential Opportunities for Evaluating DDIs in Pediatric Patients

Since pediatric DDIs can be life threatening, a plan for assessing the interaction potential
should be part of every pediatric drug development program. Unfortunately, DDI studies are
rarely performed so there is a paucity of information available regarding pediatric DDIs,

particularly in infants and young children. Therefore, we need to develop novel strategies that
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can overcome the myriad of barriers that make an evaluation of DDIs potential in pediatric
patients challenging. Some potential opportunities for evaluating PK/PD mediated DDIs
throughout pediatric drug development and clinical use include leveraging modeling and
simulation approaches and “real-world” data as well as innovative clinical trial design strategies

such as adaptive trials (Figure 1.3).
1.9.1 Modeling and Simulation May Predict and Evaluate Pediatric DDIs

In 2012, the Advisory Committee for Pharmaceutical Science and Clinical Pharmacology
of the FDA Center for Drug Evaluation and Research agreed that modeling and simulation
should be considered in all pediatric drug development programs.3! Modeling and simulation
approaches, such as population based pharmacokinetics (PopPK) and PBPK, can be used to
evaluate pediatric DDIs during pediatric drug development. PopPK modeling combined with
sparse sampling is widely used to characterize drug disposition in neonates and children.3%3
Implementing allometric scaling for size in addition to a sigmoidal function accounting for organ
maturation may be able to distinguish age and size effects on clearance from other patient
specific factors including DDIs.®* If a concomitant drug is identified as a significant predictor of
variability in a PK parameter, simulations can be performed to optimize dosing for children
receiving the drug combination. PBPK modeling, which integrates physiological information
along with drug-specific properties to predict drug-disposition throughout the body, can facilitate
the evaluation of potential pediatric DDIs. A major advantage is that PBPK modeling can predict
a priori exposure and can be extrapolated to different populations and pediatric age groups.
However, there are some gaps in knowledge regarding age related changes in drug absorption,
distribution, excretion, and ontogeny of metabolizing enzymes and transporters, which still

require further exploration. Additional opportunities exist for leveraging PBPK modeling to
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account for age related changes and to predict pediatric DDI potential during drug development
(Figure 1.4).
1.9.2 Adaptive Trials May Mitigate the Risks Associated with Performing Prospective Pediatric
DDI Studies

The risks associated with prospectively evaluating pediatric DDIs may be mitigated using
adaptive trials, in which modifications to the trial or statistical procedure are modified at pre-
specified times without diminishing the validity of the study. One study in healthy adults used an
adaptive 2-cohort strategy to mitigate tolerability concerns associated with evaluating the DDI
potential between GSK239512 and the strong CYP P450 3A inhibitor ketoconazole.®*® PBPK
modeling predicted a 4-fold increase in GSK239512 exposure after coadministration with
ketoconazole, which informed the dose selected for subjects in cohort 1.%° The safety and
pharmacokinetic data from cohort 1 justified providing a higher dose of GSK239512 for subjects
in cohort 2 receiving the drug combination.3® A similar approach can be applied for pediatric
patients where dose adjustments are first based upon scaling an adult PBPK model to pediatric
populations, followed by prospectively evaluating the drug combination in pediatric patients with
safety monitored throughout the trial at pre-specified times (Figure 1.4).

1.9.3 Opportunistic Clinical Data May Facilitate Pediatric DDI Evaluation

Some of the challenges associated with evaluating pediatric DDIs as postmarketing
requirements or for marketed drugs may be overcome by leveraging opportunistic data, which
are data collected in pediatric patients receiving medications per standard of care. Drug
concentration measurements from remaining blood samples collected at times of routine
laboratory draws can be used for PopPK and PBPK model development and evaluation.3336-38

Opportunistic clinical data that are documented in the patient chart, such as vital signs (e.g., heart
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rate, blood pressure), laboratory values (e.g., serum creatinine, liver transaminases) and clinical
symptoms (e.g., sedation, pain), can be used for PD assessment. Consent rates are likely higher
because of the minimal risk that these studies pose to pediatric patients. However, limitations
with opportunistic data include the random nature of sample collection and measurement of drug
responses, as well as the fact that many confounding variables may affect the interpretation of
the patient data (e.g., organ dysfunction, other concomitant medications, and comorbidities). As
a result, use of opportunistic data would likely require collecting data from a sufficiently large

sample size while also controlling for confounding factors.

1.9.4 Leveraging Electronic Health Record (EHR) Data for Pediatric DDI Evaluation Can

Overcome Ethical Barriers

Although several retrospective cohort studies have reported potential DDIs in children,
limitations in the EHR database precluded determination of clinical outcomes associated with
these potential DDIs.** Consequently, opportunities exist to relate potential DDIs in children
with clinical outcomes using EHR data. In addition, pharmacokinetic DDIs could be
prospectively assessed for drugs undergoing therapeutic drug monitoring (TDM), such as
gentamicin, vancomycin, phenobarbital, carbamazepine, phenytoin, tacrolimus, cyclosporine,
and caffeine. Recently, a pediatric PopPK model was developed for posaconazole utilizing TDM
data and was able to detect a 42% reduction in bioavailability in the presence of proton pump
inhibitors.® Additionally, PD analyses utilizing clinical or laboratory adverse events can be
performed with or without PK data to assess pediatric DDIs. Controlling for confounding
variables will likely be required given the retrospective study design and complexity of the
patient population. Additional limitations include suboptimal PK sampling times (e.g., only

troughs or peaks may be measured) plus laboratory or adverse events are restricted to those that
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are measured and recorded in the EHR. However, advantages of this approach are that
institutional review boards generally consider these studies to be exempt or have expedited
approval, and information from a large pediatric population can be evaluated.
1.10 PBPK Modeling Can Facilitate DDI Assessment in the Pediatric Population

PBPK modeling is particularly advantageous for characterizing pediatric DDI potential
because PBPK models can (1) be extrapolated to special populations, (2) account for
developmental changes such as the ontogeny of drug metabolizing enzymes and transporters, and
(3) characterize complex and dynamic DDIs in which drug concentrations change as a function
of time (such as TDI and induction). For example, an adult PBPK model incorporating in-vitro
and clinical DDI data can be used to predict pediatric DDI potential, pediatric PBPK models can
be evaluated using opportunistic PK data in children receiving the drug combination per standard
of care, and the final model can be used to make appropriate therapeutic recommendations in
children receiving the drug combination. In addition, results from PBPK modeling can be used to
inform prospective DDI studies in children. PBPK modeling is therefore a powerful tool that can

potentially overcome the need to conduct pediatric DDI studies.

PBPK models are frequently used during drug development to predict DDI potential in
adults and to guide clinical study planning. In fact, 66% of the 180 PBPK submissions to the
FDA Office of Clinical Pharmacology between 2008 and 2015 were used for DDI prediction.*
The FDA has provided a general framework for utilizing PBPK modeling to explore DDI
potential between a substrate and an interacting drug.!! Before utilizing PBPK modeling to
predict untested DDI scenarios and to make dose recommendations, the FDA recommends first
verifying model predictions using clinical DDI data between the investigational drug and strong

index enzyme inhibitors and inducers.!*4! Although PBPK models are widely used during drug
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development for providing therapeutic management in adults experiencing DDIs, this strategy

has infrequently been applied to the pediatric population.

There has only been one example to date where dose recommendations were developed
and approved for US labeling in children and adolescents based on an adult PBPK model:
guanfacine, a CYP3A substrate, in the presence of CYP3A inhibitors and inducers.® In this
example, an adult PBPK model was developed using phase 1 healthy adult DDI data for
guanfacine given in the presence of the strong index CYP3A inhibitor (ketoconazole) and
inducer (rifampicin). Next, simulated exposure in adults was predicted for the moderate CYP3A
inhibitors (fluconazole and erythromycin) and inducer (efavirenz). These adult PBPK model
predictions were used to provide dosing recommendations in pediatric patients from 6 to 17
years of age receiving guanfacine in combination with strong and moderate CYP3A inhibitors
and inducers. A major assumption of this study was that DDI potential would be the same in
children as adults since most developmental processes are complete by six years of age (e.g.
hepatic blood flow, CYP3A4 activity, and renal function) and the PK profile for guanfacine was
similar between pediatric patients and adults when appropriately scaled by weight.® Limitations
with this approach include the fact that pediatric clinical data were not used for model
development or evaluation, ontogeny and catalytic activity was not considered for CYP3A5 and
CYP3A7, and the assumption that DDI potential is the same in pediatric patients as adults may
not be true particularly for infants and younger children.

To overcome some of these limitations, we have developed a systematic approach using
PBPK modeling to characterize CYP3A mediated DDI potential and provide therapeutic
recommendations for children of all ages receiving CYP3A substrates in combination with

CYP3A perpetrators. This approach includes pediatric clinical data for PBPK model
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development and evaluation, will be applicable for all pediatric populations from preterm infants
to adolescents, will include ontogeny and catalytic activity information for the CYP3A subfamily
(CYP3A4, CYP3A5, and CYP3AT), and will include complex interaction scenarios such as
induction plus competitive and time-dependent inhibition.
1.11 Project Rationale and Specific Aims

The objective of this dissertation is to develop a systematic approach leveraging PBPK
modeling that can provide dosing recommendations in pediatric patients experiencing CYP3A
mediated DDIs (Figure 1.5). We develop a systematic approach to characterize CYP3A mediated
DDis in infants and children using PBPK that is broadly applicable for a variety of interaction
mechanisms causing DDIs. We selected probe DDIs that encompassed many of these interaction
mechanisms such as TDI, competitive inhibition, noncompetitive inhibition, and induction. We
also focused on DDIs that were clinically relevant and that had sufficient clinical data available
for model evaluation: sildenafil plus fluconazole and lopinavir and ritonavir (LPV/RTV) plus
rifampicin. The competitive CYP3A inhibitor, fluconazole, and the CYP3A substrate sildenafil
are commonly administered to neonates in the neonatal intensive care unit. LPV/RTV is one of
the preferred agents for HIV treatment in treatment naive infants and children from two weeks
post-natal age to three years of age.*? RTV undergoes mixed competitive plus TDI as well as
induction of CYP3A, and is administered with LPV as a boosting agent to improve its
bioavailability. LPV/RTV is used in combination with the CYP3A inducer, rifampicin, in HIV
infected children co-infected with tuberculosis. This systematic approach will next be applied to
predict DDI potential and optimal dosing for a novel drug (solithromycin) lacking DDI data in

children.
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1.11.1 Specific Aim 1

Apply PBPK modeling to characterize competitive inhibition between the CYP3A inhibitor
fluconazole and the CYP3A substrate sildenafil in preterm and term infants.

Hypothesis: Sildenafil clearance will be 47% lower in infants receiving fluconazole with
sildenafil compared to infants receiving sildenafil alone.

Sub-aim 1.1: Determine the inhibition constant (K;) for fluconazole for CYP3A4,5,7 using
recombinant enzymes.

Sub-aim 1.2: Develop an adult and pediatric PBPK model for the CYP3A substrates sildenafil,
which incorporates competitive inhibition for fluconazole.

Sub-aim 1.3: Perform simulations to assess optimal dosing of sildenafil when administered with
fluconazole in preterm and term infants.

1.11.2 Specific Aim 2

Apply PBPK modeling to characterize competitive and time-dependent inhibition plus induction
of CYP3A between LPV/RTV and the CYP3A inducer rifampicin in infants and children.
Hypothesis: Rifampicin will increase the clearance of lopinavir and ritonavir by 58% and 34%,
respectively in adults and 48% and 22%, respectively, in children.

Sub-aim 2.1: Develop and evaluate an adult PBPK for LPV/RTV plus rifampicin that accounts
for mixed competitive and TDI and induction of CYP3A.

Sub-aim 2.2: Scale the LPV/RTV plus rifampicin adult model to pediatrics and evaluate using
pediatric data available in pediatric patients from 2 weeks to 17 years of age.

Sub-aim 2.3: Perform dosing simulations for LPV/RTV when used in combination with the

CYP3A inducer rifampicin in infants and children.
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1.11.3 Specific Aim 3

Apply this systematic approach to characterize competitive and TDI plus induction of CYP3A in
infants and children receiving solithromycin.

Hypothesis: When co-administered with solithromycin, strong CYP3A inhibitors will result in a
> 80% decrease, in solithromycin AUC in adult and pediatric patients.

Sub-aim 3.1: Characterize the in-vitro enzymatic activity (Km, Vmax) and TDI parameters (Kinact,
Ki) of CYP3A4, 5, 7 for solithromycin using recombinant enzyme systems.

Sub-aim 3.2: Develop adult and pediatric PBPK models for solithromycin incorporating time-
dependent autoinhibition.

Sub-aim 3.3: Determine optimal dosing for pediatric patients receiving solithromycin in
combination with the CYP3A substrate, midazolam, and the CYP3A strong inhibitor,

ketoconazole.
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1.12 Tables

Table 1.1: Classes of human hepatic drug metabolizing enzyme developmental trajectories®®

Class 1 Class 2 Class 3
ADH1A CYP2C19 ADH1B
CYP3A7 CYP2B6 ADHI1C

FMO1 CYP3A5 AOX1

GSTP GSTA1 CES1

SULTI1E1 GSTA?2 CES2
SULT1A3 SULT1Al CYP2C9
CYP2D6

CYP2E1

CYP3A4

EPHX1

EPHX2

FMO3

GSTM1

GSTZ1
SULT2A1

UGT1Al

UGT1A6

UGT2B7
*Permission was obtained from the International Journal of Pharmaceutics for re-use of this

figure.

Abbreviations: ADH: alcohol dehydrogenase; CYP: cytochrome P450; FMO: Flavin-binding
monooxygenase family protein; GSTP: glutathione S-tranferase pi; GST: glutathione S-
transferase; SULT: sulfotransferase; GST: glutathione S-transferase; AOX: alternative oxidase;

CES: carboxylesterase; EPHX: epoxide hydrolase; UGT: UDP glucuronosyltransferase
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Table 1.2: In-vitro clearance at low substrate concentrations of substrate by CYP3A4, CYP3AD5,
and CYP3AT7?

Metabolite CYP3A4 CYP3A5 CYP3A7
mL/min/nmol P450
1-OH-Midazolam 3.34 3.31 0.02
4-OH-Midazolam 0.99 0.15 0.04
1-OH-Alprazolam 0.05 0.03 0.003
4-OH-Alprazolam 1.1 0.34 0.02
1-OH-Triazolam 0.54 0.14 0.004
4-OH-Triazolam 0.3 0.05 0.061
N-Desmethyl diltiazem 0.69 0.2 0.18
6-OH-Testosterone 2.34 0.06 0.02
N-Desmethyl clarithromycin 51.2 4.3 5.06
14-OH-Clarithromycin 7.03 0.23 0.53
2-OH-Estradiol 0.44 0.01 0.005
4-OH-Estradiol 0.1 0.006 0.0002
Oxidized-nifedipine 5 0.24 0.08
7-Hydroxy-4-trifluoromethyl coumarin 0.02 0.0004 0.0006
N-Desmethyl tamoxifen 0.28 0.13 0.045

Abbreviations: CYP: cytochrome P450; OH: hydroxy
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1.13 Figures

Figure 1.1: Major categories of drug-drug interactions (DDIs)
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Drug-drug interactions (DDIs) can broadly be categorized as pharmaceutical incompatibility or
pharmacokinetic (PK) or pharmacodynamic (PD) interactions. DDIs arising from pharmaceutical
incompatibility occur when drugs with incompatible physiochemical properties are combined,
such as acids and bases and positively and negatively charged species. PK DDIs occur when a
drug changes the concentration of another drug at the level of absorption, distribution,
metabolism, transport, or excretion. PD mediated interactions occur when a drug increases
(synergism) or decreases (antagonism) the effects of another drug without altering drug
concentrations. Metabolic DDIs can be classified as enzyme induction, where a drug enhances
the metabolism of another drug, or enzyme inhibition, where a drug inhibits the metabolism of
another drug. Enzyme inhibition can further be classified as competitive, noncompetitive,

uncompetitive, and time-dependent inhibition (TDI) based on the biochemical mechanism.
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(4

Perform in-vitro studies to assess interaction
potential for CYP1AZ2, 2B6, 2C8, 2C9,
2C19, 2D6, and 3A4/5

Figure 1.2: U.S. Food and Drug Administration (FDA) recommended in vitro studies to evaluate metabolism mediated drug-drug
interactions (DDIs) and determine if clinical studies are recommended?*!

Determine if the
investigational drug is a
substrate of
metabolizing enzymes

Perform reaction phenotyping
studies using two methods:
(1) specific enzyme inhibitors in
pooled human liver microsomes

(2) individual human
recombinant CYP enzymes

Determine if the
investigational drug is
an inhibitor of
metabolizing enzymes

Perform studies with human
liver microsomes,
microsomes obtained from
recombinant CYP
expression systems, or
hepatocytes using probe
substrates

Determine if the
investigational drug is
an inducer of
metabolizing enzymes

Perform studies using
plateable, cryopreserved
or freshly isolated
human hepatocytes or
immortalized hepatic
cell lines

Conduct clinical DDI
studies with strong
index inhibitors or

inducers if enzyme is

responsible for > 25%

of the drug’s
elimination

For reversible
inhibitors, conduct
clinical DDI studies

or modeling if Ry
>1.02

Rl = 1+(|max,u/K|)

For time-dependent
inhibitors, conduct
clinical DDI studies or
modeling if R2 >1.25

R.= (Kobs + Kdeg)/Kdeg

Kobs = Kinactx 50 %
Imax,u) / (kl + 50 X

|max,u)

For inducers,
conduct clinical DDI
studies or modeling
if R3<0.8
Rs=1/[1+(dx
Emax x 10 x |max,u) /
(ECs0 + (10 %
|max,u))]




Abbreviations: CYP: cytochrome; Ri: predicted ratio of victim drug’s area under the plasma
concentration versus time curve (AUC) in the presence and absence of an inhibitor; Imax.u:
maximal unbound plasma concentration of the interacting drug; K;: unbound inhibition constant
determined in-vitro; R2: predicted ratio of victim drug’s AUC in the presence and absence of an
inhibitor for models of time-dependent inhibition; kons: observed (apparent first order)
inactivation rate constant of the affected enzyme; kqeqg: apparent first-order degradation rate
constant of the affected enzyme; k;: inhibitor concentration causing half-maximal inactivation;
Kinact: maximal inactivation rate constant; Rs: predicted ratio of the victim drug’s AUC in the
presence and absence of an inducer for basic models of enzyme induction; d: scaling factor and
is assumed to be 1 unless supported by prior experience with the system used; Emax: maximum
induction effect determined in vitro; Imaxu : maximal unbound plasma concentration of the

interacting drug; ECso is the concentration causing half-maximal effect determined in vitro.
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Figure 1.3: Approaches to evaluate pediatric pharmacokinetic (PK) drug-drug interactions

(DDls) throughout pediatric drug development and post-marketing.?

Pediatric Study
Planning Phase
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appropriate

Pediatric Trials

Evaluate PBPK model
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for the drug alone and in
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medications that have the
potential to result in a
DDI

Post-marketing

Develop or further refine
PBPK model based on
“real-world” data in
pediatric patients
receiving drug
combinations per
standard of care

PopPK Modeling

Evaluate concomitant
drugs as covariates using
PopPK modeling for
patients receiving
concomitant medications
expected to result in a
DDI

Develop PopPK models
to evaluate the impact of
a DDI on PK parameters
using “real-world” data
or clinical studies
performed post-approval

“Real-World” Data

Evaluate dosing
appropriateness, PK
alterations, safety, and
efficacy in children
receiving the drug
combination per standard
of care

aFigure reprinted with approval from: Salerno SN, Burckart GJ, Huang SM, and Gonzalez D.
Pediatric Drug-Drug Interaction Studies: Barriers and Opportunities. Clin Pharmacol Ther.
2018; 105(5):1067-1070. Prior to pediatric drug approval, physiologically-based
pharmacokinetic (PBPK) modeling and simulation can investigate pediatric drug-drug
interaction (DDI) potential and inform dose adjustments that can be evaluated through

prospective pediatric trials. PBPK models can also be developed or further refined using “real-
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world” pediatric DDI data for marketed drugs. Once pediatric pharmacokinetic (PK) and
coadministered drug data are available, population based pharmacokinetic (PopPK) models can
be developed and concomitant drugs can be evaluated as predictors of inter-individual variability
in pharmacokinetic (PK) parameters. Dosing simulations can then be performed based on the
final PopPK model to optimize dosing for children receiving the drug combination of interest.
After drug approval, studies leveraging “real-world” data can be performed to evaluate dosing
appropriateness, PK alterations, safety, and efficacy in children receiving the drug combination

of interest per standard of care.
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Figure 1.4: Application of physiologically-based pharmacokinetic (PBPK) modeling and simulation to predict drug-drug interaction

(DDI) potential in pediatric patients®
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8Figure reprinted with approval from: Salerno SN, Burckart GJ, Huang SM, and Gonzalez D.
Pediatric Drug-Drug Interaction Studies: Barriers and Opportunities. Clin Pharmacol Ther.
2018; 105(5):1067-1070. Adult physiologically-based pharmacokinetic (PBPK) models can be
developed incorporating drug-specific, system-specific, and study protocol and formulation
properties, and then evaluated and further refined using adult clinical data. Next, drug-drug
interaction (DDI) potential can be evaluated by incorporating in-vitro induction or inhibition
parameters and then further refined using adult DDI data. Adult PBPK models can be scaled to
pediatric patients including anthropomorphic and ontogeny functions, and then model
performance and scaling can be evaluated using available pediatric data. Next, DDIs can be
simulated in pediatric patients in order to provide therapeutic recommendations across pediatric
ages likely to receive the drug. Finally, dosing recommendations can be evaluated using
opportunistic pharmacokinetic data or using prospectively captured data from an adaptive trial.
During adaptive trials, efficacy and safety of the dosages and drug combinations can be
monitored in pediatric patients throughout the trial at pre-specified times and the dosing regimen

can be modified according to these interim study results.
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Figure 1.5: Dissertation research overview

Aim 1: Apply PBPK modeling to
characterize competitive CYP3A
inhibition between fluconazole and
sildenafil in preterm and term infants

Aim 2: Apply PBPK modeling to
characterize competitive and time-
dependent inhibition plus induction of
CYP3A between lopinavir/ritonavir
plus rifampicin in infants and children

’

Develop a systematic approach leveraging PBPK modeling to evaluate CYP3A
mediated DDI potential and to optimize dosing across the pediatric age continuum

'

Aim 3: Apply this approach to predict CYP3A mediated DDI potential and optimize
dosing for a CYP3A substrate and time-dependent inhibitor called solithromycin
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CHAPTER 2 : PHYSIOLOGICALLY-BASED PHARMACOKINETIC MODELING
CHARACTERIZES THE CYP3A-MEDIATED DRUG-DRUG INTERACTION
BETWEEN FLUCONAZOLE AND SILDENAFIL IN INFANTS!

2.1 Introduction

If an investigational drug is suspected to interact with concomitant medications, drug-
drug interaction (DDI) studies are performed in healthy adult volunteers during drug
development and are communicated in the product label.! For ethical reasons, pediatric DDI
studies are rarely conducted unless children receive the drugs per standard of care. There are also
logistic challenges for conducting pediatric DDI studies, such as low enrollment and smaller
blood volume, particularly in neonates, available for pharmacokinetic (PK) sampling.
Consequently, therapeutic management of pediatric DDIs is based on adult DDI studies although
developmental differences in activity of drug metabolizing enzymes may lead to age-related
differences in DDI potential. Within the CYP3A (cytochrome P450 3A) subfamily, CYP3A7 is
highly expressed in fetal tissue and neonates and typically has reduced metabolic capacity for
drugs compared to CYP3A4, which is primarily expressed in adults.?”

Physiologically-based pharmacokinetic (PBPK) modeling can predict pediatric DDIs by

incorporating drug and system properties, in vitro data, and maturation of drug metabolizing

This chapter previously appeared as an article in the Clin Pharmacol Ther. The original citation is as follows:
Salerno, SN, et al. Physiologically-Based Pharmacokinetic Modeling Characterizes the CYP3A-Mediated Drug-
Drug Interaction between Fluconazole and Sildenafil in Infants. Clin Pharmacol Ther. July 21, 2020. Online ahead
of print.
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enzymes. PBPK modeling has been applied to characterize CYP3A-mediated DDIs in children
>2 years of age.®® Using the CYP3A-mediated DDI between sildenafil with fluconazole, we
leveraged PBPK modeling and sildenafil PK data collected in preterm infants with and without
fluconazole to characterize CYP3A DDls in adults and infants. Sildenafil is a phosphodiesterase
type 5 inhibitor used off-label in infants for pulmonary hypertension.? Hospitalized preterm
infants receiving sildenafil are at risk for fungal infection, thus may also be prescribed the
moderate CYP3A inhibitor, fluconazole, for the prophylaxis and treatment of invasive
candidiasis.™

Sildenafil is metabolized primarily by CYP3A, with minor contribution by CYP2C9, into
16 metabolites.?1* Sildenafil has 96% plasma protein binding, preferentially towards alpha-1-
acid glycoprotein (AAG), that is concentration independent from 0.1 to 10 pg/mL (0.21 to 21
umol/L).1>18 The active metabolite, N-desmethylsildenafil (DMS), has half the
phosphodiesterase type 5 inhibitory activity as sildenafil.}3” One study determined that the in
vitro formation Kkinetic intrinsic clearance (CLint) (LL/min/pmol CYP3A) for DMS was similar
for CYP3A4 (0.733) and CYP3A5 (0.788), but significantly lower for CYP3A7 (0.079).8 Based
on a study in 36 term neonates receiving intravenous (1V) sildenafil for persistent pulmonary
hypertension of the newborn or hypoxemia, sildenafil clearance (CL) increased 3-fold in the first
week of life from 0.84 L/h on day 1 to 2.58 L/h at 7 days of age.'® This is likely due to the
developmental switch from CYP3A7 to CYP3A4 expression shortly after birth.

A population pharmacokinetic (PopPK) model developed in 11 infants (2-121 days)
receiving sildenafil for pulmonary hypertension, of which 3 also received fluconazole, reported
that fluconazole decreased sildenafil clearance by 47%.%° Similarly, another PopPK study based

on 34 preterm infants receiving sildenafil, with 4 also receiving fluconazole, reported a 59%
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decrease in sildenafil CL by fluconazole.?* One study reported that the fluconazole inhibitory
constant was 9-fold higher for CYP3AS5 than CYP3A4 (84.6 + 12.9 uM versus 9.21 = 0.51 uM),
however data are not available for CYP3A7.5 Therefore, the goals of this study were : 1) to
develop an adult PBPK model for sildenafil and DMS; 2) to determine and incorporate CYP3A4,
CYP3AS5, and CYP3AT inhibitory constants (K,) for fluconazole; 3) to evaluate CYP3A DDI
potential for sildenafil and DMS in adults; 4) to scale and evaluate the DDI between sildenafil
with fluconazole in infants; and 5) to optimize dosing for infants receiving sildenafil with

fluconazole.
2.2 Materials and Methods
2.2.1 Adult PBPK Model Development

A whole-body adult PBPK model was developed for sildenafil and DMS in PK-Sim® as
part of the open source Open Systems Pharmacology Suite version 8.0 (www.open-systems-
pharmacology.org) incorporating CYP3A.?? We compared model simulations with and without
CYP2C9-mediated metabolism incorporated into the model because it has been postulated to
play a minor role in formation of DMS. Adult PK data were digitized from the literature for
model development and evaluation (Table 2.1). A 36-year-old European male with a weight of
73.8 kg and a height of 175.5 cm was used for model development. The relative organ
contributions for CYP enzymes were taken from the built-in database query using array levels.?®
The reference concentration refers to the highest organ expression per age (whereby the
ontogeny factor is 1). The default reference concentration in PK-Sim® was 4.32, 0.04, and 3.84
pumoL/L liver tissue for CYP3A4, CYP3AS5, and CYP2C9, respectively.? CYP3A4
concentrations in pediatrics are calculated as a fraction of 4.32 umol/L using the CYP3A4

ontogeny function. Since CYP3A7 is greatest at birth, we calculated the liver reference
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concentration for CYP3AT7 in preterm infants as follow: 4 umol/L for a preterm infant: 158
pmol/mg microsomal protein x 26 mg microsomal protein/g liver x 1 g/mL x 1000 mL/L x 1*10
6 umol/pmol.2?>% Adult CYP3A7 liver concentrations are therefore calculated as a fraction of 4

pmol/L using the CYP3A7 ontogeny function.

Sildenafil and DMS were co-modeled using CYP3A4, CYP3A5, CYP3A7, and CYP2C9
formation kinetics from the literature for DMS.1218:27 parameter optimization was performed for
sildenafil and DMS lipophilicity using the digitized 1V adult data incorporating the Monte Carlo
algorithm.?® The organ-to-plasma partition coefficients were calculated using the Rodgers and
Rowland method.? Since kinetics for formation of the remaining CYP3A catalyzed sildenafil
metabolites are unknown, the sildenafil CYP3A maximal velocity (Vmax) for the remainder of
sildenafil metabolites was optimized using the Monte Carlo algorithm (fixing the concentration
of half-maximal velocity (Km) to 15 uM®27). The relative contribution by CYP3A4/5/7 to
formation of the remainder of sildenafil metabolites was calculated assuming the same
proportion of intrinsic clearance (CLin) activity as for formation of DMS.® In brief, the
optimized Vmax for CYP3A4 (10 pmol/min/pmol CYP3A4) was multiplied by the ratio of CLint
of CYP3A5 to CYP3A4 (1.08) or CYP3AT7 to CYP3A4 (0.108) to obtain the Vimax for CYP3A5
(10.8 pmol/min/pmol CYP3A5) and CYP3A7 (1.08 pmol/min/pmol CYP3AT7), respectively.®
The final Vmax for CYP3A4 was calculated by subtracting the Vmax multiplied by reference
concentration for CYP3A5 and CYP3A7 from the optimized value for CYP3A4, and then
dividing by the reference concentration for CYP3A4. The equation is as follows: (10
pmol/min/pmol CYP3A4 x 4.32 umol/L of CYP3AA4 in the liver) minus (1.08 x 10
pmol/min/pmol CYP3A5 x 0.04 umol/L of CYP3AS5 in the liver) minus (0.108 x 10

pmol/min/pmol CYP3A7 x 4 umol/L of CYP3AT in the liver x the ontogeny factor (0.02) in
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adults, which is equal to 42.68. Next, 42.68 is divided by 4.32 umol/L CYP3AA4 liver to obtain
the final CYP3A4 Vmax (9.9 pmol/min/pmol CYP3A4). The Michaelis-Menten constant (Kw)
was fixed to 15 uM for CYP3A4/5/7 while Vmax was optimized. Sildenafil CYP3A7 Vmax Was
optimized using the preterm infant PK data since CYP3A?7 is minimally expressed in adults.
After sildenafil clearance was optimized, CYP3A4 and CYP3A7 CLin for DMS were manually

optimized using adult and preterm infant data, respectively.
2.2.2 Adult PBPK Model Evaluation

One hundred virtual male adults from 18-58 years of age (healthy male population) or
100 adult patients (50% male) from 4676 years of age (pulmonary arterial hypertension
population) were created based on reported demographics. Population simulations were
performed, and the ratio for the mean simulated and observed area under the concentration
versus time curve (AUC) from 0 until the last observed value (AUCo.iast) Or from 0 to infinity
(AUCo-»), as reported, was compared for each dosing regimen. The mean CL and volume of

distribution at steady-state (Vss) was also compared between simulations and observations.
2.2.3 6p-Hydroxytestosterone Assay

A Thermo TSQ Quantum Ultra triple-quadrupole mass spectrometer and an Agilent
Poroshell (Santa Clara, California, USA) 120 EC-C18 2.7 um column (2.1 x 50 mm) were used.
A gradient with 0.1% formic acid and acetonitrile delivered at 350 pL/min was used as the
mobile phase. Calibration standard concentrations (0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 uM 6-
hydroxytestosterone plus 0.5 uM for 4-androsten-19-1al 3,17-dione) were used for method
validation. The mobile phase consisted of water with 0.1% formic acid and acetonitrile delivered
at 350 pL/min with the following gradient: 85% water plus 15% acetonitrile between 0 to 0.3

minutes, 70% water plus 30% acetonitrile between 0.3 to 4 minutes, 50% water and acetonitrile
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between 4 to 5 minutes, and then 85% acetonitrile plus 15% water between 4 to 6 minutes. A
positive mode electrospray ionization was used. 6p hydroxytestosterone and 4-androsten-19-1al
3,17-dione eluted at 2.8 and 3.2 minutes. The ionization source parameters are spray voltage,
3000 V; vaporizer temperature, 300°C; sheath gas flow, 35 (arbitrary units); auxiliary gas flow,
20 (arbitrary units); capillary temperature, 285°C. The precursor to product ions monitored with
corresponding collision energies were 303.1 to 267.1 at 15V, 285.1 at 15V, 303.1 at 10V; and

305.1 to 269.1 at 15V, 287.1 at 15V, and 305.1 at 10V.
2.2.4 Linearity Experiments for Fluconazole Inhibition

Initial experiments were performed to determine the linear stage of 63
hydroxytestosterone formation. Incubations (1 mL) with testosterone (15 puM, 250 pM) were
performed with cDNA expressed cytochrome P450 (CYP) 3A4 (20 pmol/mL), CYP3A5 (20
pmol/mL) or CYP3A7 (40 pmol/mL) in buffer containing 100 mM potassium phosphate, pH 7.4.
The reactions were pre-incubated at 37°C for 5 minutes, and then the reaction was initiated with
dihydronicotinamide-adenine dinucleotide phosphate (NADPH) (1 mM final). The reactions
were incubated at 37°C for 0, 2, 5, 10, 15, 20, 30, 60, 90, 120 minutes. Finally, 50 uL aliquots
were added to 150 pL of ice cold acetonitrile containing 0.5 pM 4-androsten-19-1al 3,17-dione,
centrifuged at 3700 x g for 15 minutes, and then analyzed by high performance liquid
chromatography with tandem mass spectrometry (HPLC/MS/MS).

2.2.5 Fluconazole Inhibition Kinetics

NADPH, acetonitrile, fluconazole, and testosterone was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Human CYP3A4, CYP3A5, and CYP3A7 + reductase + b5 and 0.5 M
phosphate buffer, pH 7.4, were purchased from Corning Life Sciences (Corning, NY, USA). All

experiments were performed in triplicate. To determine fluconazole inhibition, a 4 x 7 matrix of
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testosterone (15, 50, 150, 250 uM) and fluconazole concentrations (0, 15, 50, 100, 200, 300, 400
M) were evaluated. The reaction volume was 100 pL and contained 20 pmol/mL of CYP3A4/5
or 40 pmol/mL of CYP3A7 in 100 mM potassium phosphate buffer at pH 7.4. The reaction was
pre-incubated at 37°C for 5 minutes and then initiated with NADPH (1 mM final). After 5
minutes (CYP3A4/5) or 30 minutes (CYP3A7) of incubation at 37°C, 50 uL was removed and
added to 150 uL of ice cold acetonitrile containing 0.5 uM 4-androsten-19-1al 3,17-dione,
centrifuged at 3700 x g for 15 minutes, and then analyzed by HPLC/MS/MS.

Model discrimination was made by visual inspection of Lineweaver-Burk plots, as well
as by comparing reversible unweighted nonlinear regression fits. The mechanism of reversible
fluconazole inhibition was determined in GraphPad Prism 8.0® by comparing Akaike
information criterion for competitive, uncompetitive, noncompetitive, and mixed inhibition
models as described below. Vmax is the maximum enzyme velocity without inhibitor (1),
expressed in the same units as the velocity (). K is the inhibition constant, expressed in the
same units as I. Kw is s the Michaelis-Menten constant, expressed in the same units as the
substrate concentration (X).*°
Mixed model enzyme inhibition:

Equation 1: Apparent Vimax (Vmax,app)=Vmax/(1+1/(Alpha*K))

Equation 2: Apparent Km (Kwm,app)=Km*(1+1/Ky)/(1+1/(Alpha*K)))

Equation 3: Y=Vmax,app* X/(Km,app + X)

Competitive enzyme inhibition:
Equation 4: Observed Km (Km,obs)=Km*(1+[1]/K))
Equation 5: Y=Vmax™*X/(Kwm,o00s+X)

Noncompetitive enzyme inhibition:
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Equation 6: Inhibitor Vmax (Vmax,inh) =Vmax/(1+1/K)

Equation 7: Y=Vmax,inn*X/(Km+X)
Uncompetitive enzyme inhibition:

Equation 8: Vmax.app=Vmax/(1+1/AlphaK)

Equation 9: Km,app=Kwm/(1+I/AlphakK))

Equation 10: Y=Vmax,app*X/(Km,apptX)
AlphaK; is the inhibition constant, expressed in the same units as inhibitor (I), which is the
product of K; (which is very high, because uncompetitive inhibitors do not bind to the enzyme)
and Alpha (which is very low). It is not possible to fit Alpha and K| separately, but only to
determine their product. Alpha determines mechanism. Its value determines the degree to which
the binding of inhibitor changes the affinity of the enzyme for substrate. Its value is always
greater than zero. When Alpha=1, the inhibitor has equal affinity for the enzyme and the
enzyme-substrate complex and is also noncompetitive inhibition. When Alpha is greater than
one, the inhibitor preferentially binds to the free enzyme. When Alpha is very large, binding is
almost entirely to the free enzyme, and the mixed-model approaches competitive inhibition.
When Alpha is less than one, the inhibitor preferentially binds to the enzyme-substrate complex.
When Alpha is very small (but greater than zero), the inhibitor binds almost entirely to the

enzyme-substrate complex and approaches uncompetitive inhibition.

2.2.6 Adult Ritonavir PBPK Model

PK data from 63 HIV-infected adults (155 samples) receiving 200, 300, 400, 500 mg oral
of ritonavir on day 1 and twice a day for 14 days on days 3-17 were digitized from the literature
and used for model development and evaluation.3! The average and range of age, weight, and

height were 29 (21-42) years, 67.8 (51-92) kg, and 175.2 (162-190) cm, respectively. Based on
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the mean patient demographics from this study, a virtual European male subject (29 years of age,
weight of 67.8 kg, and height of 175.2 cm) was used for model development and evaluation.®!
Protein expression for CYP3A4, CYP3A5, CYP2D6, and P-glycoprotein was integrated from the
built-in database query using array levels.?® Standard meals (1000 kcal; 0.59 L; 0.60 meal
fraction solid) were administered with each dose per study administration. Transcellular
intestinal permeability and lipophilicity were manually optimized and then parameter
optimization was performed to optimize P-glycoprotein Vmax. Population simulations for 100
male subjects were performed based on the patient demographics with age, weight, height, and
AAG concentration ranging from 21 to 42 years, 51 to 92 kg, 162 to 190 cm, and 0.53 to 1.7

g/L.31
2.2.7 Adult ritonavir plus midazolam DDI simulations

The adult PBPK model for midazolam was based on drug properties (Table 2.2) and was
evaluated using IV and oral data digitized from the literature (Table 2.1). Studies in human liver
microsomes indicate the midazolam is primarily metabolized by CYP3A4.323 Lipophilicity and
transcellular intestinal permeability were optimized using the digitized adult IV and oral data
with the Monte Carlo algorithm. Partition coefficients were calculated using the Rodgers and
Rowland method and cellular permeability was calculated using the PK-Sim® Standard method.
Population simulations based on 100 virtual subjects (white American population from 18 to 46
years of age) receiving a 2 mg IV infusion over 30 minutes and 15 mg orally midazolam were
performed and compared with observed data provided in Table 2.1 (Figure 2.1). We simulated
the interaction between midazolam plus ritonavir in 100 virtual white American male subjects
from 21-50 years of age and 52 to 97 kg of weight and then compared with observed data in

healthy adults receiving 3 mg oral midazolam plus three oral doses of 100 mg ritonavir or
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placebo over 24 hours.3* The simulated versus observed average midazolam plus
ritonavir/midazolam ratios were 31.4 versus 28.4 for AUCo.. and 9.47 versus 4.47 for Cmax,

respectively.
2.2.9 Adult Erythromycin Plus Midazolam DDI Simulations

CYP3A time-dependent inhibition for erythromycin was evaluated by comparing the
simulated and observed changes in midazolam based on a double-blind, randomized, crossover
study in 12 healthy volunteers receiving 500 mg erythromycin three times a day orally for a
week in combination with placebo, IV (0.05 mg/kg) midazolam or oral (15 mg) midazolam.*
The simulated versus observed mean fold-change for oral midazolam plus erythromycin relative
to midazolam alone was 2.6 versus 2.7 for Cmax and was 4.26 versus 4.42 for AUCo.-«,
respectively. The simulated versus observed mean reduction in clearance for IV midazolam plus
erythromycin relative to midazolam plus placebo was 47% versus 54%.%

2.2.10 Adult DDI Evaluation for Sildenafil Plus Ritonavir and Erythromycin

In order to ensure that CYP3A CL for DMS and sildenafil was accurately parameterized,
sildenafil (100 mg oral tablet given on day 1 and day 8) was co-modeled with the CYP3A
inhibitor ritonavir administered at 300, 400, 500 mg orally twice daily on day 2, 3, and 4-8,
respectively. The area under the concentration versus time curve from 0 to tau (AUC;), AUCo-,
maximal concentration (Cmax), and the fold increase in AUC and Cmax With and without ritonavir
were compared between the observed and simulated data.*? We also evaluated the DDI between
sildenafil plus erythromycin based on a study in 26 male volunteers (18-45 years of age)
receiving 100 mg sildenafil on days 1 and 6 along with 500 mg oral erythromycin or placebo
twice daily on days 2-6.* Finally, the DDI between sildenafil with fluconazole was simulated in

healthy adults receiving sildenafil 10 mg IV three times daily plus fluconazole 800 mg IV
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followed by 400 mg IV daily using a published fluconazole PBPK model.** The DDI between
sildenafil with fluconazole was simulated in adults, although adult DDI data were not available

for model evaluation.
2.2.11 Pediatric PBPK Model Development
2.2.11a Preterm Infant Population

Physiological parameters regarding body weight, height, organ volumes and blood flow
rates, as well as tissue composition (water, protein, and lipids) have already been integrated into
PK-Sim®. In brief, developmental changes in organ blood flow rates were the same as neonates,
which assumed adult proportions to the contribution towards cardiac output for all organs except
those with published data (brain, kidney, muscle, and skin). Exsanguinated organ weight
measurements were available for brain, lung, heart, liver, spleen, pancreas, and kidney; while
weight-age relationships were determined for skin and stomach using surface area and thickness.

The proportion of organ blood content was assumed to be the same as in adults.*®
2.2.11b Sildenafil PBPK Model Development and Evaluation

PK data for sildenafil and DMS were available from 9 preterm infants (<32 weeks
gestational age [GA] and between 3-42 days post-natal age [PNA]) receiving a single dose of
sildenafil (0.125 or 0.25 mg/kg 1V) per standard of care as part of the Phase 1, multi-center, open
label Pediatric Trials Network study (ClinicalTrials.gov Identifier: NCT01670136) (Table 2.1).%
Samples were collected, when possible, within 15 minutes, 1-2 hours, 3—4 hours, 7-8 hours, 12—
14 hours, 24-30 hours, and 48-56 hours post the 90-minute infusion and 30-minute flush time.
PK data were dose-normalized to 0.25 mg/kg sildenafil V. The 4 preterm infants receiving

sildenafil with fluconazole were administered sildenafil via the 1V route.

44



The healthy male virtual subject was scaled to a male virtual preterm infant based on
mean observed demographics (22 days PNA, 25 weeks GA, and 849 g weight). CL was scaled
using PK-Sim® ontogeny functions in equations 11-17.*" Protein binding to AAG was scaled
using a Hill-function-like increase and decrease during the maturation and aging phases,
respectively.*® Clearance was scaled using the PK-Sim® default sigmoidal Hill equations where
A is the relative activity at PMA in weeks, Aos is the PMA in weeks at 50% activity compared to
an adult, and n is the Hill coefficient (Equation 11).* In the case of proteins showing decreased
expression with increasing age, an inverse fit function with an offset activity in adults was used
(Equation 12). Variability in the ontogeny was also introduced by simulating a virtual population
with 10,000 individuals and then fitting the geometric mean and geometric standard deviation
around all of the fitted parameters.*’

The ontogeny function for CYP3A4 (equation 13) was derived using the following
literature data: mMRNA expression data and testosterone and dehydoepiandrosterone
hydroxylation activity obtained from human livers in fetuses 14-40 weeks, children 1 day to 9
years, and adult donors for transplantation®®; formation of amprenavir metabolites in human liver
microsomes obtained from a fetus, neonate at 1 day, neonate at 2 days, infant at 1 month, infant
at 3 months, and an adult®®; and CYP3A4 expression levels in 77 fetal and pediatric liver
microsome samples from 217 to 287 estimated gestational age and 3 to 6 months postnatal age.?
CYP3AGS has an ontogeny factor of 1 for all ages.? The ontogeny function for CYP3A7 (equation
14) was derived using the following literature data: mMRNA expression data and testosterone and
dehydroepiandrosterone hydroxylation activity obtained from human livers in fetuses 14-40
weeks, children 1 day to 9 years, and adult donors for transplantation®®; and CYP3A7 expression

levels in 77 fetal and pediatric liver microsome samples from 217 to 287 estimated gestational
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age and 3 to 6 months postnatal age.? The ontogeny function for CYP2C9 (equation 15) was
derived using the following literature data: protein content and diclofenac 4-hydroxylase
metabolic activity in 237 pediatric liver microsomal liver samples from 8 weeks gestational age
to 18 years postnatal age®*; in vitro tolbutamide hydroxylation and CYP2C9 mRNA expression
from human liver microsomes obtained from 53 fetuses (16 to 40 weeks) and 15 adults®?;
CYP2C9 mRNA expression as well as 4’-hyroxydiclofenac activity and protein content in liver
samples obtained from 15 adults (37 to 81 years).>

The CLint per organ (uL/min/organ) is the sum of the Vmax/Km of each CYP
(UL/min/umol CYP) multiplied by the reference concentration (umol CYP/L organ), ontogeny
factor, and organ volume (L). Hepatic (CL+) and plasma CL following IV dosing (CLyv) is
described in Equations 16 and 17, where Qw is liver blood flow, F is the fraction unbound, B/P
is the blood to plasma partitioning ratio, and CLr is renal clearance. For model evaluation,
simulations in term infants were performed using a virtual population of 100 term infants (36 to
40 weeks GA, and 0 to 3 days PNA). CL and Vss were compared against published values from

two PopPK models developed in preterm and term infants.%2

Equation 117: A= —M8
Ao s™+ PMAN
. 7N —1.__ PMA Lo
Equation 12: A=1 Aot PMAT + offset activity in adults

PMA3‘331

H 7. —
Equation 13": CYP3A4 ontogeny factor at PMA = O P

PMA27.615
48.05 127'615+PMA27‘615

Equation 147: CYP3A7 ontogeny factor at PMA = 1- +0.0253
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Equation 157: CYP2C9 ontogeny factor at PMA =

Equation 16: CLn = (Qn*Fu*CLint)/(Qn + Fu*CLint)
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Equation 17: CLv = (CLH*B/P) + CLr
Figures shown in full age-length and as a zoom-in version in the first period after birth can be
found within the PK-Sim® Ontogeny Database Version 7.3.
2.2.12 Sensitivity Analysis

Sensitivity analyses were performed for a healthy adult, preterm infant, term infant at
birth, term infant at two weeks of age, 1-month-old, 2-month-old, 3-month-old, 6-month-old, 1-
year-old, 2-year-old, 5-year-old, and a 12-year-old. The virtual preterm infant received 1V
sildenafil whereas the other virtual subjects received sildenafil orally. In PK-Sim®, the input
parameter (Pi) is varied around the value in the simulation by a small change and a new
simulation is performed keeping all other input values constant. The change in the
pharmacokinetic parameter estimate (APK;j) was calculated as the difference between the values
in the new simulation and the original simulation. The sensitivity for the PK parameter to the
input parameter is calculated as the ratio of the relative change of that PK parameter (APK;/PKj)
and the relative variation of the input parameter (APi/P;j) with the equation: (APKj/AP;)*(Pi/PK;).
For example, an interpretation of a sensitivity value -1 or 1 indicates that a 10% increase of the
parameter leads to a 10% decrease or increase of the PK parameter value, respectively.
Parameters with sensitivity values < -1 or > 1 were reported for sildenafil Cmax and AUCo-c.

Sensitivity values for CYP3A relative expression were compared among these age groups.
2.2.13 Pediatric DDI Dosing Evaluation and Recommendations

There were 4 preterm infants with PK data who received sildenafil with fluconazole. We
co-modeled sildenafil with fluconazole in preterm infants leveraging a previously published
fluconazole PBPK model in adults and infants including renal clearance and uridine 5°-

disphospho-glucuronosyltransferase family 2 member B7 (UGT2B7) metabolism.*+4¢ As
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previously described, an adult fluconazole PBPK model was scaled to infants accounting for age
dependencies in glomerular filtration and metabolism and was optimized using 760 plasma
samples from 166 infants (median postmenstrual age ((PMA) range) 28 weeks (24-50)) and 27
cerebrospinal fluid samples from 22 infants (PMA age 28 weeks (24-33) (Figure 2.3).
Additionally, the clearance from a simulated population of 1,000 infants was within twofold of
the clearance reported within the product label for infants from 26 to 29 weeks gestational age

(GA) for all ages except for infants at 26 weeks PMA).*6

Only the indication (prophylaxis versus treatment) for fluconazole was recorded for these
preterm infants. Without specific details on the exact dosing or route of fluconazole
administration, we assumed fluconazole dosing based on the 2016 Infectious Diseases Society of
America recommended guidelines for neonatal candidiasis: 12 mg/kg daily administered IV for
treatment and 6 mg/kg administered 1V every 72 hours for prophylaxis.>* We simulated
prophylaxis and treatment dosing for fluconazole in combination with sildenafil and compared

with data in preterm infants receiving fluconazole for prophylaxis or treatment, respectively.

To simulate optimal dosing for this combination in neonates, we created a virtual
population of 1,000 preterm and term infants (50% female) ranging from 24 to 40 weeks GA and
0-14 days PNA. Following the U.S. Food and Drug Administration (FDA) guidance, we targeted
dosing that would achieve simulated geometric mean ratios of Cmax and AUC from 0-24 hours
(AUCo-24) for sildenafil with fluconazole relative to sildenafil alone within the 80%-125%
equivalence range. Cmax and AUCo.24 included both sildenafil and DMS, taking into account

differences in relative phosphodiesterase 5 inhibitory activity and free fraction (Equation 18).*

Equation 18: AUCo-24 (Cmax) sildenafil + AUCo-24 (Cmax) DMS x 0.5 x 1.25
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where 0.5 and 1.25 refers to relative differences in phosphodiesterase type 5 inhibitory activity

and protein binding between DMS and sildenafil, respectively.

Exposure ratios were stratified by post-menstrual age using the World Health
Organization categories of preterm birth: GA <28 (extremely preterm), >28 to <32 (very
preterm, >32 to <37 (moderate to late preterm), and >37 weeks (term). The reference dose for
sildenafil was 0.25, 0.5, and 1 mg/kg IV every 8 hours (90-minute infusion). Sildenafil (0.09,
0.13, 0.18, 0.26, 0.36, and 0.52 mg/kg every 8 hours, administered by a 30- and 90-minute
infusion) plus fluconazole (12 mg/kg IV daily, administered by a 60-minute infusion) were
simulated and compared against reference doses of sildenafil.

2.2.14 Adult Erythromycin PBPK Model

We used an open-source erythromycin PBPK model with the respective evaluation report

and complete references at: https://github.com/Open-Systems-Pharmacology/Erythromycin-

Model. This model was developed based on clinical data from healthy adult subjects in the
literature receiving various IV and oral formulations. The model included CYP3A4 N-
demethylation and time-dependent inhibition along with total hepatic clearance to account for
acid-catalyzed degradation (hydrolysis) in the stomach, biliary excretion, and CYP4F11
metabolism.®-3" Using the IV data, the glomerular filtration rate fraction was optimized to 1.16
to reflect the fraction excreted in urine after IV administration.®3° IV and oral data were used to
optimize the catalytic activity for organic anion transporting polypeptide 1B1 (OATP1B1),
transcellular intestinal permeability, and total hepatic clearance (Table 2.2). Partition coefficients
were calculated using the Rodgers and Rowland method and cellular permeability were
calculated using the charge dependent Schmitt method. The erythromycin enteric-coated tablet

(free base) was modeled as a suspension using a Weibull function (dissolution time of 1.75
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minutes, a lag time of 54.35 min, and a dissolution shape of 1.06). The film tablet containing
erythromycin stearate was modeled as a suspension using a Weibull function (dissolution time of
1.70 minutes and a dissolution shape of 1.10). Population simulations were performed based on
100 virtual subjects (white American population from 21 to 30 years of age) receiving 500 mg
erythromycin stearate (Figure 2.2).4°
2.3 Results
2.3.1 Adult PBPK Model

We developed a whole-body PBPK model for sildenafil and DMS incorporating
Michaelis-Menten kinetics by CYP3A4, CYP3A5, CYP3AT for sildenafil CL and first-order
CLint by CYP3A4 and CYP3ATY for elimination of the DMS metabolite (Table 2.3; Figure 2.4).
The role of CYP2C9 was insignificant, for example, the AUCo... for the 100 mg dose was 1580
versus 1581 ng*h/mL for sildenafil and was 661 versus 659 ng*h/mL for DMS with and without
CYP2C9, respectively. Therefore, unless stated otherwise, all results are without CYP2C9
contribution for parsimony. The adult sildenafil PBPK model adequately captured observed data

digitized from the literature (Figure 2.5-Figure 2.9; Table 2.4 and Table 2.5).
2.3.2 Fluconazole Inhibition Studies

6B-hydroxytestosterone production was linear upwards 5 minutes for CYP3A4 and
CYP3AD5 and 30 minutes for CYP3A7 (Figure 2.10 and Figure 2.11). Fluconazole was a mixed
competitive inhibitor for CYP3A4, CYP3AS5, and CYP3AT (Figure 2.12). Alpha values greater
than 1 indicate that fluconazole preferentially binds to the free enzyme (competitive inhibition).

Fluconazole inhibition was higher for CYP3AA4 relative to CYP3A5 and CYP3A7Y (Table 2.6).
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2.3.3 Adult DDI Evaluation

We evaluated DDI potential for sildenafil in combination with ritonavir and erythromycin
in healthy adults. The simulated versus observed geometric mean fold changes in the AUC and
Cmax With and without ritonavir were 13- versus 11-fold and 2.4- versus 3.9-fold for sildenafil
AUCo-, and Cmax, and 2.0- versus 1.7-fold and 1.1- versus 0.5-fold for DMS AUCo-24 and Crax
on day 8 (Table 2.7 and Figure 2.13).*? The simulated versus observed mean fold changes of
AUCo-, and Cmax with and without erythromycin were 2.24- versus 2.82-fold and 1.28- versus
2.60-fold for sildenafil and 1.67- versus 1.37-fold and 0.98- versus 0.76-fold for DMS (Table
2.8)." There was model misspecification regarding Cmax, but we were primarily focused on
changes in CL and AUC for dosage modification of sildenafil in combination with CYP3A

inhibitors.
2.3.4 Pediatric PBPK Model

The adult PBPK model was scaled to infants using CYP3A ontogeny and
anthropomorphic functions. Simulated concentrations were compared to 24 and 26 plasma
samples for sildenafil and DMS, respectively, from 9 preterm infants (median [range] GA of 25
[23-27] weeks and PNA of 18 [7—-40] days) receiving sildenafil, 4 of which also received
fluconazole (Table 2.1). The simulated mean CL and Vs in the absence of fluconazole was
relatively similar to published values in preterm infants receiving enteral or 1V doses, and to term
infants receiving a continuous infusion of sildenafil except for DMS in one subject receiving
sildenafil with treatment doses of fluconazole (Table 2.5 and Figure 2.14). The discrepancy may
be associated with differences in the actual dosage or timing of fluconazole co-administration in

this preterm infant since this information was not recorded. Additionally, the simulated
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variability in infants for CL and Vsswas underpredicted, which could be overcome by an

additional 50% coefficient of variability on protein binding (Table 2.5).
2.3.5 Sensitivity Analysis

In order to evaluate the critical parameters influencing sildenafil Cmax and AUCo-, a

sensitivity analysis was performed from preterm infants to adults (Table 2.9 and

Table 2.10). The most sensitive parameters for sildenafil AUCo.. included: CYP3A4
Km/Vmax, CYP3A4 ontogeny factor and reference concentration, fraction unbound, lipophilicity,
and the plasma protein scale factor (Table 2.9). Sildenafil AUC,-.. was more sensitive to the
reference concentration of CYP3A7 compared to CYP3A4 in infants <2 months of age (Figure

2.15 and Table 2.9).
2.3.6 Pediatric DDI Evaluation and Dosing Recommendations

Based on simulations in virtual adults, fluconazole (800 mg IV loading dose, then 400 mg
IV daily) administered with sildenafil (10 mg IV three times daily) resulted in an increase in
sildenafil plus DMS (accounting for differences in activity and protein binding) AUCo.-24 at
steady-state (AUCo.24,55) of 2.11-fold. The adult PBPK model was scaled to infants and was
compared with observations in preterm infants receiving 1V sildenafil with prophylaxis and
steady-state treatment doses of fluconazole including the minor role of CYP2C9 (Figure 2.14).
When sildenafil (0.25 mg/kg IV three times daily) was administered with and without
fluconazole (12 mg/kg 1V daily), the simulated AUCo-24s fold change of sildenafil plus DMS
was 2.82-fold in virtual infants (24-40 weeks GA and 0-14 days PNA). Stratifying by PMA age
<36 and >36 weeks, the simulated AUCo-24,5s fold change of sildenafil plus DMS was 2.87 and

2.55 in virtual preterm and term infants, respectively (Table 2.11).
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Optimal dosing simulations were performed for sildenafil with fluconazole in infants
with and without CYP2C9 DMS formation and CYP2C9 inhibition and the results were nearly
identical. When given in combination with treatment doses of fluconazole (12 mg/kg IV daily),
reducing the sildenafil dose by 64% (administered IV over a 90-minute infusion) resulted in a
geometric mean ratio of 1.01 for simulated AUCo-24ss relative to virtual infants (24—42 weeks
[PMA]) receiving sildenafil alone (Figure 2.16 and Table 2.12). Simulated unbound sildenafil
Cmax Values, targeted to achieve 53%, 77%, and 90% phosphodiesterase type 5 activity inhibition
based on a dose-ranging study of oral sildenafil in children aged 1-17 years of age with
pulmonary arterial hypertension, were slightly lower for virtual infants receiving sildenafil with
fluconazole compared to sildenafil alone (Figure 2.17).>° To achieve similar Cmax values, we
reduced the sildenafil dose by 48% (administered IV over a 90-minute infusion) with 12 mg/kg
fluconazole, which resulted in a geometric mean ratio for simulated Cmax 0f 0.99 relative to
infants receiving sildenafil alone, but overestimated simulated AUCo-24,5s (Figure 2.16 and Table
2.13). Additionally, reducing the sildenafil dose by 64%, but shortening the IV infusion time to
30 minutes, resulted in a geometric mean ratio for simulated Cmax of 0.90 (Table 2.14).

2.4 Discussion

We developed an adult and pediatric PBPK model for sildenafil with fluconazole
incorporating CYP3A and CYP2C9 activity and ontogeny to characterize age-related differences
in CYP3A-mediated DDI potential. We first developed and evaluated a sildenafil PBPK model
in adults to gain confidence in the structural model before scaling to pediatrics (Figure 2.4). We
assumed that DMS CL was mediated through CYP3A based on a proteomics study suggesting
that DMS undergoes modification by CYP3A to form two additional metabolites.*® The adult

sildenafil PBPK model captured the observed DDI in healthy adults receiving sildenafil in
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combination with ritonavir or erythromycin.*>*3 CYP3A7 CLin Was optimized using preterm

infant PK data because CYP3A7 expression is minimal in adults and highest in preterm infants.

The simulated sildenafil CL and Vs for adults and infants were comparable and all within
two-fold of observed values, except for one study in infants, which suggests reasonable
agreement between our model predictions and observations (Table 2.5). This one study reported
a higher Vs in full-term neonates (456 L/70 kg [22.4 L]) than reported in preterm infants and
adults, which the authors suggested may be due to lower protein binding of sildenafil in infants
relative to adults (93.9% versus 96%).%° It seems unlikely that term infants would have a
significantly higher volume of distribution than preterm infants. In addition, the CL and Vss
reported in infants was much higher than the variability generated using the infant virtual
population in PK-Sim® (Table 2.5). Critically ill infants receiving sildenafil with fluconazole
may have higher or more variable protein binding associated with illness, stress, or
inflammation. For example, AAG is an acute phase protein that has been shown to increase and
fluctuate in infants and children with illness and inflammation.>" To test this hypothesis, we
increased the coefficient of variation on protein binding through AAG in the simulated infant
population, a reasonable assumption based on the high variability of plasma AAG levels
observed in infants, resulting in similar observed and simulated CL and Vs variability (Table
2.5).%% Infants with pulmonary arterial hypertension may have differences in organ function
and/or blood flow relative to the virtual infant population in PK-Sim® possibly leading to higher
variability.

Sensitivity analysis for sildenafil across age highlights that CYP3A7 should be included
for CYP3A substrates in infants <2 months of age (Figure 2.15). However, we often do not have

CYP3AT in-vitro parameters and instead only scale using CYP3A4 activity. This assumption is
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reasonable for children because CYP3A4 expression reaches full capacity by approximately 1.3
years of age, but may lead to model misspecification in neonates primarily expressing
CYP3A7.5° CYP3A7 expression decreases from 142.2 pmol/mg in neonates to 4 pmol/mg in
adults. 23" CYP3A7 changes with age with mean values of 201 pmol/mg in fetal liver samples
(estimated GA of 31 to 41 weeks) and 158 pmol/mg in premature birth liver samples (estimated
GA <40 weeks).? In contrast, CYP3A4 increases from 5 pmol/mg in neonates to 98 pmol/mg in
adults. 237

Fluconazole CYP3A inhibition data were experimentally generated to characterize DDI
potential between sildenafil with fluconazole in infants. Fluconazole was a mixed inhibitor of
CYP3A, when tested using testosterone as the probe substrate, and was a more potent inhibitor
of CYP3A4 relative to CYP3AS and CYP3AY7 (Table 2.4). When comparing the metabolic
capacity for CYP3A using 10 different CYP3A substrates, one study reported an equal or
reduced metabolic capability for CYP3A5 compared to CYP3A4 and a significantly lower
catalytic activity for CYP3A7 compared to CYP3A4.* The K, for CYP3A4 and CYP3AS5 from
this study differed from another study using midazolam as the CYP3A probe substrate (29.4 uM
versus 9.21 uM for CYP3A4 and 182.5 UM versus 84.6 uM for CYP3AS5).° Results can differ
based on the CYP3A probe substrate used, and two distinct substrate groups have been
postulated including testosterone in one group and midazolam in the other group.®* The
magnitude of the simulated DDI between sildenafil with fluconazole was slightly greater in
neonates than adults (a fold change in AUCo.24,ss Of 2.82 versus 2.11). This may be attributed to a
lower catalytic activity for CYP3AT relative to CYP3A4 particularly since the difference was
greater for preterm than term infants. Additionally, neonates receive a higher fluconazole

treatment dose (12 mg/kg 1V daily) relative to adults (6 mg/kg IV daily) and fluconazole
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inhibition is dose-dependent. Given the lack of adult DDI data available for sildenafil with
fluconazole model evaluation, it is difficult to determine if this difference is significant and

clinically relevant.

The pediatric sildenafil with fluconazole PBPK model was applied to provide dosing
recommendations in infants and compared against pharmacodynamic and efficacy endpoints.
Based on the FDA clinical drug interaction studies guidance, we targeted geometric mean ratios
for Cmax and AUCo-24,s With and without fluconazole within the 0.8 to 1.25 equivalence range.!
This approach was applied since there is no optimal dosing or exposure-response relationship
established for sildenafil in infants. However, in adults with pulmonary arterial hypertension, the
concentration-response relationship for pulmonary vascular resistance has a concentration of
half-maximal effect of 17 ng/mL and a maximal effect of 100 ng/mL.%? There was a dose-
ranging, placebo-controlled study performed in children with pulmonary arterial hypertension
from 1 to 17 years old receiving 3 sildenafil doses targeted to achieve steady-state Cmax values of
47, 140, and 373 ng/mL corresponding with 53%, 77%, and 90% unbound inhibition of in vitro
phosphodiesterase type 5 activity, respectively. Interestingly, in this study, the low dose (10 mg
in children >20 kg ) was ineffective while the high dose (20, 40, and 80 mg for children between
>8-20, >20-45, and >45 kg, respectively) was associated with an increased risk of mortality
after 2 years of treatment relative to children receiving lower doses of sildenafil.?* Another study
reported that newborns with persistent pulmonary hypertension of the newborn, who achieved an
initial sildenafil concentration of 58.4 + 44.8 ng/mL, experienced significant improvements in
oxygenation after 4 hours of a continuous sildenafil infusion, whereas those with levels of 3.7 +
4.6 ng/mL did not experience improvements in oxygenation.5® These model simulations suggest

that sildenafil dosing of 0.5 mg/kg IV every 8 hours alone and 0.18 mg/kg sildenafil IV every 8
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hours when given in combination with 12 mg/kg 1V daily fluconazole results in simulated Cmax
values exceeding the 77% unbound inhibition target. Additional studies are needed to further

evaluate the relationship between sildenafil exposure, efficacy, and safety in premature infants.

We present a novel approach for characterizing DDIs in pediatric patients; yet there are
limitations that warrant further discussion. All simulations were performed in infants receiving
IV sildenafil with fluconazole since the preterm infants who received sildenafil with fluconazole
received sildenafil IV. Furthermore, oral absorption in preterm infants is not enabled within the
PK-Sim®MoBi® software. Therefore, these dose recommendations may differ for infants
receiving oral sildenafil with fluconazole. Another limitation is that the sildenafil with
fluconazole DDI data used for model evaluation was available for preterm infant data only.
However, the percentage reduction in CL in this study following IV administration was similar
to another study in neonates with a median (range) PNA of 20 (2-121) days (GA not reported)
who received sildenafil via nasogastric tube in combination with fluconazole (65 versus 47%).%°
The interaction with fluconazole is also dose-dependent and our simulations focused on
treatment doses of fluconazole and infants in the published studies may have received
prophylaxis doses.?° Additionally, there was no available clinical DDI data in adults receiving
sildenafil with fluconazole to confirm the adult DDI model predictions. Nonetheless, we were
able to model the DDI between sildenafil with ritonavir and erythromycin in healthy adults

(Table 2.7 and Table 2.8).

In conclusion, it is critical to incorporate CYP3A7 parameters into PBPK models to
accurately predict CYP3A mediated drug distribution and DDI potential in infants <2 months of

age. Additional PBPK models developed for other CYP3A inhibitors or inducers can be co-
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modeled using this sildenafil PBPK model to guide model-informed precision dosing in infants

receiving sildenafil with other interacting drugs such as erythromycin and protease inhibitors.

2.5 Tables

Table 2.1: Clinical data used for pharmacokinetic (PBPK) model development and evaluation.

GA; 800 (425-980)

grams birth weight;

and 18 (7-40) days
PNA

dose of sildenafil:
0.247 (0.127-0.254)

mg/kg IV with an
infusion time of 90

Subjects Drug Age, Median Dose and Reference
(Range) Administration
13 Sildenafil healthy males, 25 mg oral tablet [
36 (22-47) years single dose
6 Sildenafil healthy males 25 mg IV over 25 [*%]
45-58 years minutes single dose
6 Sildenafil healthy males 50 mg oral solution %]
45-58 years single dose
16 Sildenafil healthy males, 100 mg oral single [%]
27.0 (18-54) years dose
12 Sildenafil healthy males 50 mg IV over 50 [%]
32 18-45 years minutes and 50 mg
oral capsule single
dose
25,50, 100, 200 mg
oral tablets single
dose
18 Sildenafil healthy males 20 mg oral tablet [*]
26.4 (20-40) years | TID x 3 days, 80 mg
oral tablet TID x 3
days
10 Sildenafil adults with 20 mg oral tablet [%8]
pulmonary arterial | TID x 30 days, 10
hypertension mg IV bolus
59.5 (46-76) years
28 Sildenafil healthy males sildenafil: 100 mg [*]
18-45 years oral tablet day 1 and
day 7-8
ritonavir: 300, 400,
500 mg oral BID on
day 2, 3, and 4-8,
respectively
9 Sildenafil 25 (23-27) weeks | median (min-max) 1
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(45-93) minutes; 4
infants received
fluconazole
27 Midazolam hea|thy adults 2.5mg IV bolus, [69]
18-51 years single
9 Midazolam healthy adults 5, 15 and 30 pg/kg []
22-55 years IV bolus, single
15, 50 and 100
uag/kg PO, single
5 Midazolam hea|thy males 15 mg PO, single [71]
18 Midazolam healthy adults 7.5 mg PO, single [
19-46 years
18 Midazolam healthy males 2 mg PO syrup, [”]
27 (20-44) years single
14 Midazolam healthy adults 0.075 mg/kg PO, [™]
19-46 years single
18 Midazolam healthy adults 2 mg IV, single [™]
31 (21-49) years 6 mg PO, single
27 Midazolam healthy adults 2 mg 1V, single []
18-55 years
9 Midazolam hea|thy adults 2.5mg IV bolus, [69]
19-41 years single
10 Erythromycin® healthy adults 500 mg PO every 8 [*]
21-30 years hours for 4 doses

Ref, reference; 1V, intravenously; PO, oral; BID, twice daily; TID, three times daily; GA,

gestational age; PNA, post-natal age

“A complete list of all of the data used for erythromycin PBPK model development can be found

at: https://github.com/Open-Systems-Pharmacology/Erythromycin-Model
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Table 2.2: Final physiologically-based pharmacokinetic (PBPK) model parameters for ritonavir, midazolam, and erythromycin.

Parameter
Lipophilicity
Molecular Weight
Fraction Unbound
Solubility
pKa (Acid or Base)

Transcellular
Intestinal
Permeability

CYP3A4 Kwm
CYP3A4 Vmax

CYP3A5 Kwm
CYP3A5 Vmax
CYP2D6 Km
CYP2D6 Vmax
P-glycoprotein Km
P-glycoprotein Vmax
CYP3A4 Kinact,half

CYP3A4 Kinact

CYP3A4 K|
CYP3A4 ECso
CYP3A4 Emax

Ritonavir
3.57
721 g/mol
0.02
0.00126 mg/mL
2.84 (Base)
1.5 * 10 cm/min

0.068 pM
1.37 pmol/min/mg

0.047 uM
1.00 pmol/min/mg
1.0 uM
0.93 pmol/min/mg
0.13 uM
1.32 pmol/min/pmol
0.10 uMm
0.32 min?

0.03 uM
1.0 uM
68.5

Source
Optimized
[
[
[
[
Optimized

[*’]
[*’]

[*’]
[*’]
[*’]
[*’]
[*’]

Optimized

[*]

[*]

[*’]
[*]
[*’]

Midazolam
2.76
325.77
0.03
0.001 mg/mL
6.57 (Base)
1.25*10°

1.88 uM

6.12
pmol/min/pmol

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A

Source
Optimized
[
[
[
[
Optimized

[*]
[l

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A

Erythromycin
2.82
733.9 g/mol
0.305
28.1 mg/L
8.9 (Base)
3.87 *10*

70 pM

918.3
pmol/min/mg

N/A
N/A
N/A
N/A
N/A
N/A
8.71 uM
0.05 1/min

N/A
N/A
N/A

Source
[]
["°]
[]

Optimized
[]
Optimized

[81,82]

[81,82]

N/A
N/A
N/A
N/A
N/A

N/A
[65-67]

[85—87]

N/A
N/A
N/A
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CYP3AS5 Kinact,half 0.12 uM [®] N/A N/A N/A N/A

CYP3A5 Kinact 0.08 min? %] N/A N/A N/A N/A
CYP3A5 K| 0.03 uM [29] N/A N/A N/A N/A
P-glycoprotein K; 0.2 uM [*°] N/A N/A N/A N/A
OATP1B1 Kecat N/A N/A N/A N/A 2.02 1/min Optimized
Specific Hepatic N/A N/A N/A N/A 4.15 1/min Optimized
Clearance

Kinacthaif, concentration of half-maximal inactivation; Kinact, maximal rate of inactivation; K;, concentration of half-maximal inhibition;
Kwm, concentration of half-maximal metabolism or transport; Vmax, maximal rate of metabolism or transport; pKa: negative log of the

acid dissociation constant; CYP, cytochrome P450; Kcat: catalytic activity; N/A: not-applicable.



Table 2.3: Final physiologically-based pharmacokinetic (PBPK) model parameters for sildenafil.

Parameter Sildenafil ~ Source DMS Source
Molecular weight (g/mol) 47458 %] 460.55 8]
Log P 3.02 Optimized 2.29 Optimized
pKa 5.97 [7?] 7.16 ["%]
Water solubility (mg/mL) 3.50 [7?] 0.419 ["%]
Compound type Base [8] Base [8]
fu (predominant plasma binding protein)  0.04 (AAG) [*>!] 0.04 (AAG) [*19]
Intestinal Permeability (cm/min) 8.31x10° a 1.34x10% a
Vmax CYP3A4 sink (pmol/min/pmol) 10.0 Optimized -
Km CYP3A4/5/7 sink (uM) 15 [7] - -
Vmax CYP3ADS sink (pmol/min/pmol) 10.8 Optimized - -
Vmax CYP3AT7 sink (pmol/min/pmol) 3.86 Optimized - -
Vmax CYP3A4 DMS (pmol/min/pmol) 1.00 [ - -
Km CYP3A4 DMS (uM) 15 [7] - -
Vmax CYP3A5 DMS (pmol/min/pmol) 1.38 [?] - -
Km CYP3A5 DMS (uM) 14.7 [7] - -
Vmax CYP3A7 DMS (pmol/min/pmol) 0.05 Optimized - -
Km CYP3A7 DMS (uM) 571 [2] - -
Vmax CYP2C9 DMS (pmol/min/mg) 78 4] - -
Km CYP2C9 DMS (uM) 27 [2] - -
Intrinsic Clearance (L/min)
CYP3A7 - - 0.09 Optimized
CYP3A4 - - 0.32 Optimized

AIntestinal permeability via transcellular route is calculated as 266 * (Molecular Weight * 10°%) »

(- 4.5) * 10"Log(Molecular Weight) * 60 *10™2,

Abbreviations: AAG, alpha-1-acid glycoprotein; fu, unbound fraction in plasma; Kw,

Michaelis-Menten constant, which describes the interaction of substrate and enzyme in the

absence of inhibitor; Log P, logarithmic of octanol-water partition coefficient; pKa, negative

logarithmic of the acid dissociation constant; Vmax, maximal rate of metabolism
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Table 2.4: Comparison of the observed and simulated AUC for the adult sildenafil PBPK model.

Sildenafil DMS
AUC (ng*hr/mL) AUC (ng*hr/mL)
Dosing Regimen Simulated®  Observed®  Ratio Simulated® Observed® Ratio Reference for
Observed Data
Single oral dose
25 mg° 320 361 0.89 150 147 1.02 [°°]
50 mg* 693 738 0.94 310 328 0.95 [°°]
100 mg° 1580 1685 0.94 661 776 0.85 [°°]
200 mg° 3805 3755 1.01 1450 1822 0.80 [°°]
Multiple oral dose
80 mg PO TID¢ 1209 1720 0.70 -- -- - [°]
Single intravenous dose
10 mg 1V bolus® 402 330 1.22 -- -- -- [%8]
25 mg/25 minute infusion IVF 999 971 1.03 276 147 1.88 [*%]

50 mg/50 minute infusion IV® 2149 1291 1.66 -- - - [*°]




abSimulated values are reported as the arithmetic mean, and observed values are reported as the
geometric mean.

“Healthy males receiving 50 mg IV over 50 minutes and 50 mg PO capsule single dose plus 25, 50,
100, 200 mg oral tablets single dose.®

9Healthy males receiving 20 mg TID for 3 days followed by 80 mg PO tablet TID for 3 days.®
®Adults with pulmonary arterial hypertension receiving 20 mg PO tablet TID for 30 days followed
by 10 mg IV bolus.®

"Healthy adult males receiving 25 mg IV over 25 minutes single dose or 50 mg PO solution single
dose.*® AUCo... was reported for 25-200 mg single oral dose, the 25 mg/25 minute infusion 1V, and
the 50 mg/50 infusion IV. AUC: was reported for the 80 mg PO TID dose and 10 mg IV bolus (8
hours dosing interval).

Abbreviations: AUC, area under the plasma concentration versus time curve; AUCo., area under
the plasma concentration vs. curve from 0 to infinity; AUC;, area under the plasma concentration
vs. time curve from 0 to tau; DMS, N-desmethylsildenafil; 1V, intravenous; PBPK, physiologically-

based pharmacokinetic; PO, taken orally; TID, three times daily
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Table 2.5: Comparison of sildenafil CL and Vss between simulated and observed values.

Sildenafil CL (Liters/hour)?

Sildenafil Vss (Liters)?

Population Simulated Observed Ratio Simulated Observed Ratio Reference
Patients with PAH 22.3(38.6%) 32.2 (N/A)® 0.69 107 (44.1%) 137 (N/AX  0.78 [%]
Healthy males 26.5 (37.4%) 29.5(31.2%)" 0.90 87 (51.1%) 107 (55.6%)" 0.81 [*]
Preterm infants 34.2 (19.6%) 27.8(33.3%)>¢ 1.23 157 (6.5%) 144 (98.6%)"¢ 1.09 [?]
Preterm infants with 50% CV on Fy,  34.7 (42.3%) 27.8 (33.3%)"® 1.25 161 (36.7%) 144 (98.6%)>¢ 1.12 [*]
Term infants 37.5(20.7%) 24.7 (54.7%)>" 152 159 (8.0%) 456 (41.1%)>" 0.35 [
Term infants with 50% CV on Fy 34.1 (46%) 24.7 (54.7%)>" 1.38 147 (43%) 456 (41.1%)"" 0.32 [\




&Simulated and observed values are reported as the mean (coefficient of variation, %). For observed
values derived from population pharmacokinetic (PopPK) analysis, the coefficient of variation

represents the inter-individual variability in the parameter.

bScaled to a 70 kg weight using typical values based on population pharmacokinetic (PopPK)

models.

“Adults with pulmonary arterial hypertension (PAH) receiving 20 mg oral tablet three times daily

(TID) for 30 days followed by 10 mg intravenous (IV) bolus.®

dBased on a PopPK analysis combining oral and IV data in healthy adult patients from three different

studies.®
®Based on a PopPK model developed in preterm infants receiving enteral and I.V. sildenafil.?

"Based on a PopPK model developed in term neonates receiving IV sildenafil for persistent

pulmonary hypertension of the newborn or hypoxemia.*®

Abbreviations: CL, clearance; CV, coefficient of variation; fu, unbound fraction in plasma; PAH,

pulmonary arterial hypertension; Vss, volume of distribution at steady-state; N/A: not applicable
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Table 2.6: Fluconazole mixed inhibition parameters.

Enzyme Inhibition type Ki (uM) global&® Alpha®P Ki (UM) competitive?® K (LM) uncompetitive®©
CYP3A4 Mixed 29.4 (20.3-43.8) 16.6 (6.1-178)  20.9 (16.8-25.9) 83.1 (67.4-102.9)
CYP3A5 Mixed 182.5 (86.7-556.4) 2.6 (0.5-13.9) 70.8 (48.5-104.3) 238.7 (183.2-318.9)
CYP3A7 Mixed 84.8 (30.5-296.8) 13.5 (1.8-0) 45.9 (21.7-88.9) 389.0 (266.7-610.3)

&Value and the 90% confidence interval based on triplicate samples using recombinant enzyme expressing either cytochrome

P450 3A4 (CYP3A4), CYP3AS, or CYP3AT.

bAlpha determines the degree to which the binding of inhibitor changes the affinity of the enzyme for substrate. When
Alpha=1, the mixed-model is identical to noncompetitive inhibition. When Alpha is very large, the mixed-model becomes
identical to competitive inhibition. When Alpha is very small (but greater than zero), the mixed model becomes nearly
identical to an uncompetitive model.

“The global K; (inhibition constant) reflects the net value for the mixed model. The K| is also reported separately for the
individual contributions from competitive and uncompetitive inhibition.

CYP, cytochrome P450; Km, Michaelis-Menten constant, which describes the interaction of substrate and enzyme in the

absence of inhibitor; Vmax, maximum enzyme velocity without inhibitor



Table 2.7: Summary of the drug-drug interaction (DDI) between sildenafil and ritonavir in
adults.

Treatment Sildenafil N-desmethylsildenafil Ritonavir
(DMS)
AUCO-oo Cmax AUCO-24 Cmax AUCT Cmax
(ng*h/mL) (ng/mL) (ng*h/mL) | (ng/mL) | (ng*h/mL) | (ng/mL)
Observed data®
Sildenafil 1419 321 567 132 - -
Sildenafil + 13278 1063 840 55 121,865 15,441
Ritonavir
Fold 11 (9,12)* | 3.9(3.2,4.9* 1.7 0.5 - -
Change
Simulated data
Sildenafil 1365 360 543 65 - -
Sildenafil + 18351 852 1081 70 111,732 12,098
Ritonavir
Fold 13 (11, 16) 2.4 (2.0, 2.7) 2.0 1.1 - -
Change

Data for the AUCo-24, area under the concentration versus time curve from 0 to 24 hours; AUCo-
«: area under the concentration versus time curve from 0 to infinity; and Cmax, maximal
concentration, for sildenafil and N-desmethylsildenafil (DMS) are presented as the geometric
mean. The Cmax and AUC;, area under the curve from 0 to tau at steady-state, for ritonavir are
presented as the arithmetic mean. ®The geometric mean and associated 95% confidence interval
was reported for sildenafil but not for DMS. PObserved data were obtained in healthy males
receiving 100 mg oral sildenafil with and without ritonavir (300, 400, 500 mg oral twice daily on

day 2, 3, and 4-8).%
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Table 2.8: Summary of the drug-drug interaction (DDI) between sildenafil and erythromycin in

adults.
Sildenafil N-desmethylsildenafil (DMS)
Observed? Simulated Observed? Simulated
AUCo-» 2.82 2.24 1.37 1.67
Fold Change (2.19-3.63) (2.19, 2.28) (1.17-1.60) (1.62,1.72)
Cmax 2.60 1.28 0.76 0.98
Fold Change (1.93-3.51) (1.27, 1.30) (0.55-1.05) (0.94, 1.03)

Data for the mean (and associated 95% confidence interval) fold change for the area under the

concentration versus time curve from 0 to infinity (AUCo-.) and maximal concentration (Cmax)

for sildenafil and N-desmethylsildenafil (DMS) with erythromycin relative to sildenafil and

DMS alone. ?Observed data were obtained from a study in healthy male volunteers receiving

erythromycin (500 mg) or placebo twice daily on days 2-6 and 100 mg oral sildenafil on days 1

and days 6.4
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Table 2.9: Parameters with sensitivity values < -1 or > 1 for sildenafil area under the plasma

concentration versus time curve from 0 to infinity (AUCo-x).

Population Parameter Sensitivity Value
2 years CYP3A4 (remainder) Kmu 1.11
12 years CYP3A4 (remainder) Kmu 1.12

Adult CYP3A4 (remainder) Kmu 1.37
Adult CYP3A4 (remainder) Vmax -1.45
12 years CYP3A4 (remainder) Vmax -1.19
2 years CYP3A4 (remainder) Vmax -1.17
6 months CYP3A4 (remainder) Vmax -1.00
Adult CYP3A4 Ontogeny factor -1.60
12 years CYP3A4 Ontogeny factor -1.31
2 years CYP3A4 Ontogeny factor -1.29
6 months CYP3A4 Ontogeny factor -1.10
Adult CYP3A4 Reference concentration -1.60
12 years CYP3A4 Reference concentration -1.31
2 years CYP3A4 Reference concentration -1.29
6 months CYP3A4 Reference concentration -1.10
3 months Fraction unbound -1.01
2 years Fraction unbound -1.03
12 years Fraction unbound -1.02
6 months Fraction unbound -1.02
2 months Plasma protein scale factor -1.01
2 months Fraction unbound -1.00
Adult Fraction unbound -1.00
5 years Lipophilicity -3.43
Adult Lipophilicity 3.55
2 years Plasma protein scale factor -1.03
12 years Plasma protein scale factor -1.02
6 months Plasma protein scale factor -1.02
3 months Plasma protein scale factor -1.02
Adult Plasma protein scale factor -1.00

CYP3A4, cytrochrome P450 3A4; Km, Michaelis-Menten constant; Vimax, maximal rate of

metabolism.
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Table 2.10: Parameters with sensitivity values < -1 or > 1 for maximal concentration (Cmax) after

single dose.
Population Parameter Sensitivity Value

5 years CYP3A4 (remainder)? Km 1.12

5 years CYP3A4 (remainder)? Vmax -1.20

5 years CYP3A4 Ontogeny factor -1.32

5 years CYP3A4 Reference concentration -1.32

5 years Fraction unbound -1.02
Adult Lipophilicity 1.44

2 years Lipophilicity -3.19

1 years Lipophilicity -3.20

12 years Lipophilicity -3.44

6 months Lipophilicity -3.52

1 month Lipophilicity -3.56

2 weeks Lipophilicity -3.63

2 months Lipophilicity -3.66

3 months Lipophilicity -3.76
Neonate Lipophilicity -3.92
Preterm infant Lipophilicity -4.20

4Remainder referring to the metabolism of sildenafil into all other metabolites besides N-

desmethylsildenafil. Vmax, maximal rate of metabolism; K, Michaelis-Menten constant.
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Table 2.11: Comparison of the simulated drug-drug interaction (DDI) between sildenafil and

treatment dosing of fluconazole between infants and adults.

Population Simulated Fold Simulated Fold Simulated Fold
Change (IQR) Change (IQR) decrease (IQR)
Sildenafil + DMS Sildenafil + DMS Sildenafil CL
AUCO-24,SS Cmax*
Adult? 2.11(1.89, 2.41) 1.29 (1.24, 1.35) 53 (47, 59)%
Infant® 2.82 (2.60, 3.06) 1.81 (1.66, 1.97) 65 (62, 68)%
Preterm 2.87 (2.67, 3.10) 1.86 (1.74, 2.00) 66 (63, 68)%
Term 2.55 (2.30, 2.88) 1.58 (1.46, 1.76) 61 (57, 66)%

Median (interquartile range (IQR)) fold change with and without fluconazole calculated as the
daily area under the concentration versus time curve at steady-state (AUCo-24,55) Or maximal
concentration (Cmax) for sildenafil plus 0.5 x 1.25 x AUCg-24,5s 0r Cmax 0f N-desmethylsildenafil
(DMS). 20ne hundred virtual adults received 10 mg intravenous (1V) sildenafil every 8 hours
plus a 800 mg loading dose followed by 400 mg 1V daily fluconazole. "One thousand virtual
infants (24 to 40 weeks gestational age and 1-14 days post-natal age) received 0.25 mg/kg IV
every 8 hours sildenafil plus 12 mg/kg 1V daily fluconazole overall and also stratified by preterm

(post-menstrual age < 37 weeks) or term (post-menstrual age > 37 weeks).
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Table 2.12: Exposure ratios with and without fluconazole in virtual infants optimized based on daily area under the concentration
versus time curve at steady-state from 0 to 24 hours (AUCo-24,ss) Without the incorporation of CYP2C9 (A) and with the incorporation

of CYP2C9 (B).
A
0.09 mg/kg IV TID sildenafil + | 0.18 mg/kg IV TID sildenafil + | 0.36 mg/kg IV TID sildenafil +
12 mg/kg IV daily fluconazole | 12 mg/kg IV daily fluconazole | 12 mg/kg IV daily fluconazole
vs. 0.25 mg/kg IV vs. 0.5 mg/kg 1V vs. 1 mg/kg 1V
PMA (weeks) AUCo-24,5s Ratio AUCo-24,5s Ratio AUCo-24s Ratio
<28 1.06 1.06 1.06
>28to <32 1.05 1.04 1.04
>32 to < 37 1.03 1.03 1.02
>37 0.93 0.93 0.93
Overall 1.01 1.01 1.01
B.
0.09 mg/kg IV TID sildenafil + | 0.18 mg/kg IV TID sildenafil + | 0.36 mg/kg IV TID sildenafil +
12 mg/kg IV daily fluconazole | 12 mg/kg IV daily fluconazole | 12 mg/kg IV daily fluconazole
vs. 0.25 mg/kg IV vs. 0.5 mg/kg IV vs. 1 mg/kg IV
PMA (weeks) AUCo-24,5s Ratio AUCo-24,5s Ratio AUCo-245s Ratio
<28 1.06 1.06 1.06
>28to <32 1.04 1.04 1.04
>32 to < 37 1.03 1.03 1.02
>37 0.93 0.93 0.93
Overall 1.01 1.01 1.01




Ratio calculated as the geometric mean for sildenafil plus N-desmethylsildenafil (DMS) x 0.5 x
1.25 (accounting for differences in activity and protein binding) in infants receiving sildenafil
plus 12 mg/kg intravenously (1V) daily relative to infants receiving the reference dose of
sildenafil without fluconazole. All sildenafil doses were 1V over a 90-minute infusion given

every 8 hours. Data are stratified by post-menstrual age (PMA). TID, three times daily.
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Table 2.13: Exposure ratios with and without fluconazole in infants optimized based on maximal concentration (Cmax) Values without

the incorporation of CYP2C9 (A) and with the incorporation of CYP2C9 (B).

A
0.13 mg/kg 1V TID sildenafil 0.26 mg/kg IV TID 0.52 mg/kg IV TID
+ 12 mg/kg IV daily sildenafil + 12 mg/kg IV sildenafil + 12 mg/kg 1V
fluconazole vs. 0.25 mg/kg daily fluconazole vs. 0.5 daily fluconazole vs. 1

v mg/kg IV mg/kg IV

PMA (Weeks) Cmax Ratio Cmax Ratio Cmax Ratio
<28 1.04 1.04 1.04
>28to <32 1.02 1.02 1.02
>32 to < 37 1.01 1.01 1.01
>37 0.91 0.91 0.90
Overall 0.99 0.99 0.99

B.
0.13 mg/kg 1V TID sildenafil 0.26 mg/kg IV TID 0.52 mg/kg IV TID
+ 12 mg/kg IV daily sildenafil + 12 mg/kg 1V sildenafil + 12 mg/kg 1V
fluconazole vs. 0.25 mg/kg daily fluconazole vs. 0.5 daily fluconazole vs. 1

v mg/kg IV mg/kg IV

PMA (WEEI(S) Cmax Ratio Cmax Ratio Cmax Ratio
<28 1.04 1.04 1.04
>28to <32 1.02 1.02 1.02
>32 to <37 1.02 1.01 1.02
>37 0.91 0.90 0.91
Overall 0.99 0.99 0.99




Ratio calculated as the geometric mean for sildenafil plus N-desmethylsildenafil (DMS) x 0.5 x
1.25 (accounting for differences in potency and protein binding) in infants receiving sildenafil
plus 12 mg/kg IV daily fluconazole relative to infants receiving the reference dose of sildenafil
without fluconazole. All sildenafil doses were given intravenously (IV) over a 90 minute

infusion every 8 hours. Data are stratified by post-menstrual age (PMA). TID, three times daily.

76



LL

Table 2.14: Area under the concentration versus time curve at steady-state from 0 to 24 hours (AUCo-24ss) and maximal concentration
(Cmax) for a 64% dose reduction of intravenous (V) sildenafil administered over 30 minutes every 8 hours (TID) plus 12 mg/kg IV
daily fluconazole relative to a 90 minute IV infusion of sildenafil TID in infants without the incorporation of CYP2C9 (A) and with
the incorporation of CYP2C9 (B).

A.
'(I)'Iolg mg/kg 1V over 30 minutes 0.18 mg/kg 1V over 30 minutes 0.36 mg/kg 1V over 30 minutes
+ 12 mg/kg fluconazole vs.
0.25 mg/kg IV over 90 minutes TID + 12 mg/kg flucor_lazole Vs. TID + 12 mg/kg fluco_nazole vs. 1
TID 0.5 mg/kg 1V over 90 minutes TID | mg/kg IV over 90 minutes TID
PMA (weeks) | AUCo-24,ss Ratio Cmax Ratio AUCo-24,5 Ratio Cmax Ratio AUCo-24,5 Ratio Cmax Ratio
<28 1.07 0.92 1.07 0.92 1.07 0.92
>28to <32 1.07 0.92 1.07 0.92 1.07 0.92
>32 to < 37 1.05 0.92 1.05 0.92 1.05 0.91
> 37 0.98 0.89 0.98 0.89 0.98 0.89
Overall 1.01 0.90 1.01 0.90 1.01 0.90
B.
0.09 mg/kg 1V over 30 minutes 0.18 mg/kg 1V over 30 minutes 0.36 mg/kg 1V over 30 minutes
TID + 12 mg/kg fluconazole vs.
0.25 mg/kg IV over 90 minutes TID + 12 mg/kg qucor_lazole VS. TID + 12 mg/kg fluco_nazole vs. 1
TID 0.5 mg/kg IV over 90 minutes TID | mg/kg IV over 90 minutes TID
PMA (weeks) | AUCo.245 Ratio Cmax Ratio AUCo.24s Ratio Cmax Ratio AUCo.24ss Ratio Cmax Ratio
<28 1.06 0.91 1.06 0.91 1.06 0.91
>28to <32 1.05 0.91 1.04 0.91 1.04 0.91
>32 to <37 1.03 0.91 1.03 0.91 1.03 0.91
>37 0.93 0.87 0.93 0.87 0.93 0.87
Overall 1.01 0.90 1.01 0.90 1.01 0.90




Ratio calculated as the geometric mean for sildenafil plus N-desmethylsildenafil (DMS) x 0.5 x
1.25 (accounting for differences in potency and protein binding) in infants receiving sildenafil
plus 12 mg/kg intravenously (1V) daily relative to infants receiving the reference dose of

sildenafil without fluconazole. Data are stratified by post-menstrual age (PMA).
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2.6 Figures

Figure 2.1: Population simulations for midazolam.
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A: 15 mg oral (PO) midazolam single dose; B: 2 mg intravenous (V) single dose. The solid grey
region is the 90% prediction interval, the solid black line is the mean, and the colored dots are
mean observations from clinical studies. A: observed data in healthy adults following a 15 mg
PO tablet dose under fasting conditions (orange), one hour before a meal (blue), with a meal
(purple), and one hour after a meal (green).”* B: observed data from healthy adults receiving 2

mg IV midazolam over a 30 minute infusion (blue and orange’).
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Figure 2.2: Population simulations for erythromycin stearate 500 mg via oral (PO)
administration every 8 hours.
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The solid grey region is the 90% prediction interval, the solid black line is the mean, and the
colored dots are mean observations from the clinical study in healthy adults receiving 4 doses of

500 mg erythromycin every 8 hours.*
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Figure 2.3: Population simulations for fluconazole in preterm infants.
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Population simulations (n = 1,000) of plasma and CSF fluconazole concentration following

prophylactic dosing (6 mg/kg twice weekly) in preterm infants. Population simulations of plasma

(a) and CSF (b) are shown overlaid with observed time-normalized and dose-normalized data.

The shaded regions are the 5-95% range in concentration from 1,000 simulated infants reflective

of the prophylaxis study demographics. CSF, cerebrospinal fluid; hr, hour.

*This figure was printed without modifications or adaptations from: Gerhart JG, Watt KM,

Edginton A, Wade KC, Salerno SN, Benjamin DK, et al. Physiologically-based pharmacokinetic

modeling of fluconazole using plasma and cerebrospinal fluid samples from preterm and term

infants. CPT Pharmacometrics Syst Pharmacol. 2019;8(7):500-510.
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Figure 2.4: Physiologically-based pharmacokinetic (PBPK) modeling approach to evaluate the
drug-drug interaction (DDI) between sildenafil and fluconazole in infants.

Adult Sildenafil PBPK Model Generate Fluconazole Inhibition
- incorporate drug and system Parameters
properties - determine CYP3A4, CYP3AD5, and
- evaluate PBPK model using CYP3AY inhibitory parameters
adult clinical data for sildenafil using recombinant enzymes

1 1

Adult Sildenafil plus Ritonavir/Fluconazole DDI Evaluation
- develop sildenafil plus ritonavir PBPK model and evaluate DDI predictions
between sildenafil and ritonavir using DDI data available in healthy adults
- incorporate fluconazole inhibition parameters and predict the DDI between
sildenafil and fluconazole in adults where adult DDI data is lacking

!

Pediatric Sildenafil plus Fluconazole DDI Evaluation
- scale adult sildenafil plus fluconazole PBPK model to infants and evaluate
using pediatric sildenafil data and sildenafil plus fluconazole DDI data
- apply final model to provide dosing recommendations for preterm and term
infants receivina sildenafil plus fluconazole

82



Figure 2.5: Population simulations for a single 10 mg intravenous (1V) bolus of sildenafil in
patients with pulmonary arterial hypertension.
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Population simulations for sildenafil in 100 virtual adults with pulmonary arterial hypertension

receiving a 10 mg IV bolus. The solid grey area is the 95% prediction interval and the dots are

concentrations colored per individual reported from a study in adults with pulmonary arterial

hypertension whom received a 10 mg IV bolus after administration of a 20 mg oral tablet three

times a day for 30 days.®® N-desmethylsildenafil (DMS) data not measured from this study.
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Figure 2.6: Population simulations of N-desmethylsildenafil (DMS) for a single 25 mg
intravenous (1V) infusion of sildenafil over 25 minutes in healthy adults.
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Population simulations for DMS in 100 virtual healthy adults receiving 25 mg sildenafil I\V. The
solid grey area is the 95% prediction interval and the dots are concentrations colored by
individual in healthy males receiving 25 mg IV sildenafil over 25 minutes.®® Sildenafil data not

measured from this study.
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Figure 2.7: Population simulations for a single 50 mg intravenous (1V) sildenafil infusion over
50 minutes in healthy adults.
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Population simulations for sildenafil in 100 virtual healthy adults receiving 50 mg IV. The solid
grey area is the 95% prediction interval and the dots are mean concentrations from healthy males
receiving 50 mg 1V sildenafil over 50 minutes.®® N-desmethylsildenafil (DMS) data not

measured from this study.
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Figure 2.8: Population simulations for sildenafil and DMS in healthy adults receiving single oral doses (25 mg, 50 mg, 100 mg, and
200 mg) of sildenafil.
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Population simulations for sildenafil (A,B,C,D) and DMS (E,F,G,H) in 100 virtual healthy adults
receiving 25 mg sildenafil (A,E), 50 mg sildenafil (B,F), 100 mg sildenafil (C,G), and 200 mg
sildenafil (D,H). The solid grey area is the 95% prediction interval and the dots are mean

concentrations colored per study as described in Table 1.
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Figure 2.9: Population simulations for the last dose of sildenafil in healthy adults receiving 20
mg intravenously (IV) every 8 hours for 3 days followed by 80 mg orally every 8 hours for 3
days.
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Population simulations for sildenafil in 100 virtual healthy adults receiving 20 mg IV every 8
hours for 3 days followed by 80 mg orally every 8 hours for 3 days, with concentrations plotted
after the last study dose (day 6). The solid grey area is the 95% prediction interval and the dots
are mean concentrations from healthy males receiving 20 mg IV sildenafil every 8 hours for 3
days followed by 80 mg orally every 8 hours for 3 days.®” Time is measured after the first dose.

N-desmethylsildenafil (DMS) data not measured from this study.
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Figure 2.10: 6B-Hydroxytestosterone production as a function of time for cytochrome P450 3A4
(CYP3A4) and cytochrome P450 3A5 (CYP3AD).
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Data presented as the mean (xstandard deviation) of triplicates for CYP3A4 (blue dots) and

CYP3ADS (red squares).
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Figure 2.11: 6B-hydroxytestosterone production as a function of time for cytochrome P450 3A7
(CYP3AY).
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Data presented as the mean (tstandard deviation) of triplicate samples.
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Figure 2.12: Lineweaver-Burk plots for cytochrome P450 3A4 (CYP3A4), cytochrome P450
3A5 (CYP3ADB), and cytochrome P450 3A7 (CYP3ATY) fluconazole inhibition.
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Data presented as the mean (xstandard deviation) of triplicate samples. Data were linearized
based on 1/V (velocity) measured as formation of 6B-hydroxytestosterone (pmol/min/pmol

CYP3A) versus 1/Substrate (S) corresponding to testosterone concentrations (UM). Different
concentrations of fluconazole (M) are represented by different colors and symbols per right

legend.
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Figure 2.13: Population simulations for healthy adults receiving 100 mg oral sildenafil plus
ritonavir (300, 400, 500 mg oral twice daily [BID] on day 2, 3, and 4-8, respectively).
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Population simulations for sildenafil (A) and N-desmethylsildenafil (DMS) (B) in 100 virtual
healthy adults receiving 100 mg oral sildenafil plus ritonavir (300, 400, 500 mg oral twice daily
(BID) on days 2, 3, and 4-8, respectively). The solid grey area is the 95% prediction interval and
the dots are mean concentrations from healthy males receiving 100 mg sildenafil with and

without ritonavir (300, 400, 500 mg oral BID on days 2, 3, and 4-8).%2
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Figure 2.14 Sildenafil and N-desmethyl sildenafil (DMS) with and without fluconazole
physiologically:-based pharmacokinetic (PBPK) model population simulations in preterm

infants.
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Population simulations in 100 preterm infants (33% female, 7-40 days postnatal age, 24-27

weeks gestational age, and 590-1242 grams) for sildenafil (A) and DMS (B) in infants receiving

sildenafil alone, and for sildenafil (C) and DMS (D) in infants receiving sildenafil with steady-

state administration of fluconazole for treatment (12 mg/kg 1V daily) and for sildenafil (E) and
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DMS (F) in infants receiving sildenafil with fluconazole for prophylaxis (6 mg/kg IV every 72
hours). A single dose of 0.25 mg/kg IV sildenafil with 6 mg/kg fluconazole IV in preterm infants
resulted in a simulated mean fold-change of 1.08 for maximal concentration (Cmax) and 1.40 for
the area under the curve extrapolated to infinity (AUCo-») for sildenafil plus DMS accounting for
different phosphodiesterase type 5 inhibitory activity and protein binding (Sildenafil +
0.5*1.25*DMS). A single dose of 0.25 mg/kg 1V sildenafil with six days of fluconazole dosing
of 12 mg/kg fluconazole 1V in preterm infants resulted in a simulated mean fold-change of 1.13
for Cmax and 2.59 for AUC... for sildenafil plus DMS. The solid grey area is the 95% prediction
interval and the dots are concentrations colored by individuals. Results were obtained using the
default PK-Sim® ontogeny functions for alpha-1-acid glycoprotein without additional variability
introduced on the fraction unbound. Observed concentrations were dose normalized to 0.25

mg/kg. Abbreviations: DMS, N-desmethylsildenafil; h, hours
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Figure 2.15: Results of a sensitivity analysis comparing the influence of cytochrome P450 3A4
(CYP3A4), cytochrome P450 3A5 (CYP3ADS), and cytochrome P450 3A7 (CYP3AT) reference
concentration on sildenafil AUC,-, after single oral dose for all ages, except that an intravenous
dose was simulated for preterm infants, as a function of age.
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Comparison of sensitivity values for the impact of reference concentration of CYP3A4 (blue),
CYP3AS5 (grey), and CYP3A7 (navy) on sildenafil AUCo.-. in typical subjects of various ages. A
sensitivity analysis was performed for the typical healthy adult, the preterm infant (22 days PNA,
25 weeks GA, and 849 g weight), a term infant at birth (neonate), term infant at two weeks of
age, 1 month, 2 months, 3 months, 6 months, 1 year, 2 years, 5 years, and 12 years. A sensitivity
of -1.0 implies that a 10% increase of CYP3A reference concentration leads to a 10% decrease of

AUC,.», and a sensitivity of +1 implies that a 10% increase of CYP3A reference concentration
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leads to a 10% increase of AUCo-».. Abbreviations: AUCo.., area under the plasma concentration

versus time curve from zero to infinity; GA, gestational age; PNA, postnatal age.
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Figure 2.16: Changes in daily AUCssand Cmax in preterm and term infants receiving modified
doses of IV sildenafil given TID in combination with fluconazole compared to preterm and term
infants receiving sildenafil alone.
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Data presented as the geometric mean and associated 90% prediction interval of the change in
sildenafil plus 0.5*1.25*DMS (accounting for differences in potency and protein binding) AUCss
and Cmax in infants receiving sildenafil with fluconazole relative to infants receiving sildenafil
without fluconazole. The reference sildenafil doses were 0.25 mg/kg IV, 0.5 mg/kg IV or 1
mg/kg 1V, each dose administered over a 90 minute infusion every 8 hours. The fluconazole dose

was 12 mg/kg daily, administered 1V over a 60 minute infusion. When given in combination
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with fluconazole, reducing the sildenafil dose by 64% resulted in a geometric mean ratio of 1.01

for AUCs; relative to infants receiving sildenafil alone but Cmax was under-predicted. To achieve
similar Cmax values, reducing the sildenafil dose by 48% with fluconazole resulted in a geometric
mean ratio for Cmax 0f 0.99 relative to infants receiving sildenafil alone, however, but AUCss was
over-predicted. Abbreviations: AUCss, area under the plasma concentration versus time curve at

steady-state; Cmax, maximal concentration; DMS, N-desmethylsildenafil; 1V, intravenous; TID,

three times a day; IQR: inter-quartile range; Cl: confidence interval.
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Figure 2.17: Comparison of the steady-state maximal concentration (Cmax) for dose adjusted
sildenafil plus fluconazole relative to sildenafil alone in infants.
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Comparison of steady-state Cmax in infants receiving sildenafil (0.09 mg/kg, 0.18 mg/kg, and
0.36 mg/kg IV every 8 hours) plus 12 mg/kg IV daily fluconazole relative to infants receiving
the reference dose of sildenafil (0.25 mg/kg, 0.5 mg/kg, and 1 mg/kg IV every 8 hours) without
fluconazole. The orange, green, and red lines at 47, 140 and 373 ng/mL, respectively, correspond

to 53%, 77% and 90% unbound inhibition of phosphodiesterase 5 activity in vitro, respectively.
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CHAPTER 3 : PHYSIOLOGICALLY-BASED PHARMACOKINETIC MODELING
CHARACTERIZES CYP3A AND P-GLYCOPROTEIN INHIBITION AND INDUCTION
BETWEEN LOPINAVIR PLUS RITONAVIR WITH RIFAMPICIN IN CHILDREN

3.1 Introduction

Human immunodeficiency virus (HIV) and tuberculosis (TB) co-infection is a serious
problem worldwide and is particularly problematic in sub-Saharan Africa. HIV prevalence
among children with TB ranges from 10% to 60% in countries with moderate to high TB
prevalence. TB is the leading cause of death among HIV-infected children resulting in 52,000
TB related deaths globally among HIV positive children in 2016.* Lopinavir (LPV) is a protease
inhibitor that is co-administered with low-dose ritonavir (RTV) in the fixed-dose combination
(Kaletra®) for enhanced bioavailability, as well as a reduction in clearance and prolonging of the
half-life, through P-glycoprotein and cytochrome P450 (CYP) 3A inhibition. LPV/RTV in
combination with two nucleoside reverse transcriptase inhibitors (NRTIS) is the first-line
regimen of choice in treatment-naive children from 2 weeks to <3 years of age, and it is also
commonly used as second-line therapy in children failing a non-nucleoside reverse transcriptase
inhibitor (NNRT]I) based initial regimen.? Rifampicin is a key medication used for TB treatment
in both adults and children. LPV/RTV with rifampicin is often unavoidable for the management
of HIV/TB treatment in pediatric patients despite a clinically significant interaction.

LPV is primarily metabolized by CYP3A with 2.2% and 19.8% of drug excreted
unchanged in urine and feces, respectively.®* LPV is highly protein bound with a concentration
dependent decrease in binding ranging from 97.4% at 100 pug/mL LPV to 99.7% at 0.1 pg/mL

LPV in human plasma.* Although LPV binds to both human serum albumin and a1-acid-
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glycoprotein (AAG), it has a higher affinity for AAG.*® RTV is predominantly metabolized by
CYP3A with a minor pathway through CYP2D6.% RTV is cleared primarily through
hepatobiliary elimination with 3.5% and 33.8% of drug excreted unchanged in urine and feces,
respectively.” The protein binding of RTV in human serum ranged from 99.3% to 99.5% at RTV
concentrations ranging from 0.01 to 30 pg/ml, and both human serum albumin and AAG
contribute to protein binding.”® LPV and RTV are substrates, inhibitors, and inducers of P-
glycoprotein.®*? Additionally, LPV and RTV are time-dependent inhibitors of CYP3A but RTV
is a more potent time-dependent inhibitor.*®> RTV is also a mixed competitive CYP3A inhibitor,
and RTV can induce CYP3A through the pregnane X receptor (PXR).1214

Rifampicin can weakly inhibit but is primarily a strong inducer of CYP3A and P-
glycoprotein through upregulation of the PXR receptor.'>8 Co-administration of rifampicin 600
mg oral (PO) daily with LPV/RTV [400/100 mg PO twice daily (BID) for one week] in HIV
infected adults resulted in a significant decrease in the median (interquartile range) LPV trough
concentrations from 0.13 (0.10-0.18) mg/L to 0.03 (0.01-0.05) mg/L.*° In healthy and HIV
infected adults, this interaction can be overcome by super-boosting the RTV dose (LPV/RTV
400/400 mg PO BID) or doubling the dose (LPV/RTV 800/200 mg PO BID).'*?! However in
young children, doubling the dose of LPV/RTV (460/115 mg/m? by body-surface area PO BID)
in combination with rifampicin 10 mg/kg PO once daily resulted in 60% of children [median
(interquartile range) age of 1.25 (0.98-1.93) years] achieving sub-therapeutic LPV trough
concentrations (<1 mg/L) compared to 8% of children [median (interquartile range) age of 1.59
(1.15-2.23) years] receiving LPV/RTV (230/57.5 mg/m? PO BID) without rifampicin.?? Super-

boosting LPV/RTV (230/230 mg/m? PO BID) was able to overcome the induction effects of
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rifampicin (10 mg/kg PO daily) in children [median (interquartile range) of 16 (14-24) months],
where 87% of these children achieved therapeutic LPV trough values (>1 mg/L).?3

However, the drug-drug interaction (DDI) between LPV/RTV with the revised World
Health Organization (WHO) rifampicin dosing of 15 mg/kg (ranges from 10.7 to 18.7 mg/kg
based on weight and the number of tablets administered) using the fixed-dose combination (75
mg rifampicin with 50 mg isoniazid and 150 mg pyrazinamide) has not been evaluated.?
Optimal dosing of LPV/RTV with rifampicin in pediatric patients requires further research since
this interaction can result in therapeutic failure and antiretroviral drug resistance. Therefore, the
study objective is to develop adult and pediatric PBPK models for LPV/RTV with rifampicin in
order to optimize boosted LPV/RTV dosing in HIV/TB infected pediatric patients (between 3.0
and 24.9 kg body weight) concurrently receiving 15 mg/kg PO daily rifampicin.
3.2 Materials and Methods
3.2.1 Adult RTV PBPK Model Development

A 29 year-old European male with expressions of CYP3A4, CYP3AS5, and P-
glycoprotein using the Array Database was used for LPV/RTV model development and
evaluation using the software PK-Sim®/MoBi® that is part of the open source Open Systems
Pharmacology Suite version 9.0 (www.open-systems-pharmacology.org). We first developed and
evaluated an adult PBPK model for RTV administered as a boosting agent with elvitegravir for
10 days in healthy adults, and from 200-500 mg PO every 12 hours for 2 weeks in HIV infected
males (Table 3.1).2526 Clearance was parameterized using Michaelis-Menten Kinetics for
CYP3A4, CYP3A5, and CYP2D6 metabolism and P-glycoprotein transport as well as renal
clearance via glomerular filtration. Interactions included time-dependent inhibition and

competitive inhibition for CYP3A4 and CYP3AS5, induction for CYP3A4, as well as competitive
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inhibition for P-glycoprotein (Table 3.2). The aqueous solubility, transcellular intestinal
permeability, and P-glycoprotein Vmax Were optimized using parameter identification with the
Monte Carlo algorithm. To best characterize the maximum concentration (Cmax) and area under
the plasma concentration-time curve (AUC) data for doses ranging from 20 mg to 500 mg, one
transcellular intestinal permeability value was optimized for doses <200 mg and another value
was optimized for doses > 200 mg (Table 3.2). Cellular permeability was calculated using the
default PK-Sim® algorithm, and the tissue-to-plasma partition coefficients were calculated using
the Rodgers & Rowland method.?”? The LPV and RTV PO formulation absorption
characteristics were optimized using the Weibull formulation with a 50% dissolution time of 30

minutes, a lag-time of 30 minutes, and a dissolution shape of 0.92.
3.2.2. CYP3A Mediated DDI Potential for Ritonavir

CYP3A mediated DDI simulations between ritonavir and the probe CYP3A substrates
(midazolam and sildenafil) have been evaluated extensively in a prior publication.?® We
simulated the interaction between midazolam plus ritonavir in 100 virtual white American male
subjects from 21-50 years of age and 52 to 97 kg of weight, and then compared with observed
data in healthy adults receiving 3 mg oral midazolam plus three oral doses of 100 mg ritonavir or
placebo over 24 hours.*® The simulated versus observed average midazolam plus
ritonavir/midazolam ratio was 31.4 versus 28.4 for area under the curve from 0 to infinity
(AUCo-») and was 9.47 versus 4.47 for the maximal concentration (Cmax), respectively.?%

Additionally, we simulated the interaction between sildenafil (100 mg oral tablet given
on day 1 and day 8) plus ritonavir administered at 300, 400, 500 mg orally twice daily on days 2,
3, and 4-8, respectively, in 100 virtual white American male subjects from 18 to 58 years of age.

The simulated versus observed geometric mean fold change (associated 95% confidence
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intervals) for AUCo- and Cmax for sildenafil with and without ritonavir was 13-fold (11, 16)

versus 11-fold (9, 12) and 2.4-fold (2.0, 2.7) versus 3.9-fold (3.2, 4.9), respectively.?®3!
3.2.3 P-glycoprotein Mediated DDI Potential for Ritonavir

Leveraging a previously published model for digoxin, we simulated the interaction
between ritonavir and the P-glycoprotein substrate, digoxin, and compared model simulations
with observed DDI data reported in 12 healthy subjects receiving digoxin plus ritonavir.? Based
on this study, we simulated 100 European adults (67% female) between 23 to 45 years of age and
weighing between 49 to 87 kg, who received 0.4 mg oral digoxin before and after 14 days of
ritonavir 200 mg oral twice daily.*® The simulated versus observed geometric mean fold change
(associated 90% confidence interval) for digoxin plus ritonavir relative to digoxin administered
alone was 1.30-fold (1.27, 1.33) versus 1.29-fold (1.11, 1.47) for AUC from 0 to 8 hours, and
was 1.33 (1.29, 1.37) versus 1.26 (0.98, 1.53) for Cmax.

3.2.4 Adult LPV PBPK Model Development

The LPV PBPK model was developed and evaluated using LPV PK data administered
concurrently with RTV in heathy adults (Table 3.1).3+¢ The model included Michaelis-Menten
CYP3A4 metabolism and P-glycoprotein transport, renal clearance via glomerular filtration, and
CYP3A4 and CYP3AGS time-dependent inhibition (Table 3.2). We assumed that LPV inhibition
of P-glycoprotein was minimum relative to RTV. Transcellular intestinal permeability and P-
glycoprotein Vmax Were optimized using parameter identification with the Monte Carlo
algorithm. Cellular permeability was calculated using the default PK-Sim® algorithm, and the

tissue-to-plasma partition coefficients were calculated using the Rodgers & Rowland method.?”28
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3.2.5 Adult LPV/RTV PBPK Model Evaluation

Model evaluation for literature data was determined by comparing the ratio of simulated
and observed PK parameters (Cmax, AUC) for LPV and RTV (Table 3.1). Additionally, we used a
model evaluation dataset consisting of LPV/RTV (400/100 mg) Kaletra® administered PO BID
to 12 healthy adults (84 plasma samples) and 12 HIV infected adults (94 plasma samples).3"3°
Population simulations were performed based on 100 virtual white American adults (50%
female) from 25 to 47 years of age. The simulated AUC within a dosing interval at steady-state
(AUCo-ss) (corresponding to 0 to 12 hours) as well as the maximum concentration at steady-state
(Cmax.ss) for LPV and RTV were compared to observed parameters in healthy adults as well as
HIV infected subjects. Additionally, the average fold error (AFE) was calculated comparing the
simulated geometric mean with observed concentration data using Equation 1. A two-fold error
(0.5 to 2.0) for AFE and the simulated to observed PK parameters was considered acceptable for
all adult and pediatric model evaluations.

AFE = 10(1/n)(2 log(simulated/observed)) (1)

3.2.6 Adult Rifampicin PBPK Model Development and Evaluation

A previously published adult PBPK model for rifampicin by Hanke et al. was modified
using PK data from 174 adults (946 plasma samples) with newly diagnosed pulmonary
tuberculosis (TB) who received 450 mg (<50 kg) or 600 mg (>50 kg) rifampicin as the fixed
dose PO tablet in combination with isoniazid, ethambutol and pyrazinamide (Table 3.1).324
Based on demographics of the underlying population, population simulations were performed
using a Black American population of 100 virtual adults (34% female) from 18 to 63 years of
age and 48 to 81 kg body weight. The average fold error was calculated based on PK data

collected on day 1 and at steady-state in adults with newly diagnosed pulmonary TB in South
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Africa, whom received 450 mg oral (PO) (body weight < 50 kg) or 600 mg PO rifampicin daily
in combination with isoniazid, pyrazinamide, and ethambutol as the fixed-dose combination

tablets.*°

A virtual 30 year-old Black American male with an array expression of P-glycoprotein
(consistent with the population used for LPV/RTV model development), and reverse
transcriptase polymerase chain reaction (RT-PCR) expression of organic anion transporting
polypeptide B1 (OATP1B1) and human liver arylacetamide deacetylase (AADAC) (consistent
with the previously published rifampicin model) was used for model development and
evaluation. The published model included metabolism and auto-induction by AADAC, transport
and auto-induction by P-glycoprotein and OATP1B1, as well as renal clearance via glomerular
filtration (Table 3.2). We made the following revised assumptions to this published model. First,
we optimized the glomerular filtration rate to 1.80 based on observed data for the fraction of
unchanged drug excreted in urine.** Transport and induction for OATP1B1 were based on
literature data (Table 3.2).#>* The maximum velocity (Vmax) for AADAC metabolism and
lipophilicity were optimized, leveraging both literature data in healthy adults provided by Hanke
et al. as well as leveraging the adult TB data previously described, through parameter
identification using the Monte Carlo algorithm.3>%° Transcellular intestinal permeability, oral
absorption (Weibull function with a 50% dissolution time of 5 minutes, lag time of 45 minutes,
and shape of 0.92), and AADAC maximum induction maximal induction (Emax) were manually
optimized using the adult TB data.*° Cellular permeability was calculated using the default PK-
Sim® algorithm, and the organ to plasma partition coefficients were calculated using the

Rodgers & Rowland method.?"%8
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Previous assumptions regarding CYP3A and P-glycoprotein inhibition and induction
were based on the published adult rifampicin model and no further changes were made.*?
Rifampicin mediated CYP3A4 induction was incorporated using the weighted mean from in
vitro CYP3A4 induction studies conducted in primary human hepatocytes with induction
measured through probe substrate metabolism and corrected for binding to hepatocytes.'*
Simultaneous competitive inhibition of CYP3A4 by rifampicin was also integrated based on in
vitro data obtained in human liver microsomes.*®? Hanke et al. evaluated these rifampicin
CYP3A4 interaction parameters by comparing the simulated DDI between rifampicin and
midazolam with observed data reported in adults receiving PO or intravenous midazolam plus
PO rifampicin. As described in the original publication, the geometric mean fold error (range)
was 1.30 (1.00 to 3.11) for the predicted to observed AUC ratio and was 1.48 (1.08 to 2.83) for
the predicted to observed Cmax ratio for data including 18 clinical studies.®? Induction of P-
glycoprotein by rifampicin was modeled assuming the same concentration of half-maximum
induction (ECso) as for CYP3A4 since both are mediated through pregnane X receptor.3? The P-
glycoprotein maximal induction (Emax) was experimentally determined in a clinical study using
human duodenal biopsies.*® Simultaneous competitive inhibition of P-glycoprotein by rifampicin
was also incorporated based on a study in LLC-MDR1 polarized cell monolayers.t*? Hanke et
al. evaluated these rifampicin parameters for P-glycoprotein by comparing the simulated DDI
between rifampicin and digoxin with observed data reported in adults receiving PO or
intravenous digoxin with PO rifampicin. As described in the original publication, the geometric
mean fold error (range) was 1.41 (1.05 to 2.36) for the predicted to observed AUC ratio and was

1.36 (1.00 to 2.36) for the predicted to observed Cmax ratio for data including 7 clinical studies.®?
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3.2.7 DDI Evaluation for Adults Receiving LPV/RTV Plus Rifampicin

The DDI between LPV/RTV plus rifampicin was simulated and compared with observed
PK data collected in healthy adults receiving LPV/RTV in combination with rifampicin.
Population simulations were performed in 100 virtual white American adults (60% female) from
22 to 70 years of age receiving standard dosing (400/100 mg LPV/RTV PO BID), double dosing
(800/200 mg LPV/RTV PO BID), or boosting dosing (400/400 mg LPV/RTV PO BID) with 600
mg PO daily rifampicin. Simulated geometric mean fold ratios (90% confidence intervals) for
LPV Cmax;ss, AUCo.1ss, and the minimum steady-state concentration (Cmin,ss) were compared with
observed data in healthy and HIV infected subjects.>!%2

Since experimental studies have reported that LPV/RTV can inhibit and induce
OATP1B1, we performed a simulation for boosted dosing of LPV/RTV (400/400 PO BID) plus
600 mg PO daily rifampicin with OATP1B1 inhibition by LPV/RTV (a competitive inhibition
constant (K;) of 0.5 uM for LPV and 1.4 uM for RTV) and OATP1B1 induction by RTV (Emax
of 5 fold). The simulated geometric mean for the rifampicin Cmax and AUCo-24,5s With and without
these OATP1B1 interaction parameters were 4.40 vs 4.47 mg/L and 32.27 vs 32.79 mg*h/L,
respectively. Because of the negligible impact, all other DDI simulations between LPV/RTV
plus rifampicin did not include LPV/RTV mediated induction and inhibition of OATP1B1.

3.2.8 LPV/RTV Pediatric PBPK Model Development and Evaluation

Pediatric data for LPV/RTV model development and evaluation was available from the
pediatric AIDS Clinical Trials Group P1030, P1038, P1080, and P1083 studies (Table 3.1).*° In
total, there were 160 pediatric subjects (1203 LPV samples) in pediatric HIVV-1 infected subjects
ranging from 0.115 to <18 years of age available for model evaluation. A virtual 30 year-old

white American was scaled to pediatric virtual subjects between 2 weeks and 18 years of age
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based on pre-established age-dependent algorithms in PK-Sim® to generate anatomical and
physiological parameters (e.g., body weight, height, organ weights), as well as to account for the
maturation of CYP3A4, P-glycoprotein, and AAG. The ontogeny functions for CYP3A4 at post-
menstrual age (PMA) in weeks in the liver were based upon the default ontogeny functions
within PK-Sim® (Equation 2).#¢ CYP3A5 has an ontogeny factor of 1 across all ages. The
ontogeny function for P-glycoprotein was based upon protein expression data quantified using 69
human pediatric and 41 adult livers (Equation 3).#” Protein binding to AAG was scaled using a
Hill-function-like increase during the maturation phase and a Hill-function-like decrease during
the ageing phase.*®

PMAZ!
2
7301953 pMAI T (2)

CYP3A4 ontogeny factor =

0.41+ Age®78
2_940.78 +Ageo.78 ( )

P-glycoprotein expression (fmol/ug) at age (years) = 0.15 +
Since the majority of children < 6 years of age receive Kaletra® PO solution (80 mg LPV plus
20 mg RTV per mL), a fraction of the administered dose was modified based on a
bioequivalence study comparing the liquid and soft-gel capsule formulations of Kaletra®. In this
clinical study, the 90% confidence intervals for Cmax and AUCo-. for the liquid co-formulation
were not bioequivalent to the co-formulated capsules. In the fasted state, LPV AUCo-. and Cax
were approximately 22% lower, while RTV AUCo. and Cmax Were 31% and 25% lower,
respectively, for liquid relative to the soft-gel capsules. Under non-fasting conditions (a diet of
500 kcal with 25% fat content), the bioavailability of the liquid co-formulation was
approximately 90% lower for liquid relative to the soft-gel capsules.® Consequently, liquid

Kaletra® was adjusted to be a fraction of the administered dose, which was 0.8 for LPV and 0.7

for RTV in the fasting state and 0.9 for both LPV/RTYV in the fed state.
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For model evaluation, population simulations were performed with 100 virtual pediatric
subjects simulated in each age category (0 to < 2 years, 2 to < 6 years, 6 to <12 years, and 12 to
<18 years of age) and then compared with the observed data for LPV and RTV. The majority of
children in the 0 to < 2 years age category were < 6 months of age, and children typically do not
begin eating solid foods until at least 6 months of age. Therefore, the liquid formulation of
Kaletra® in the fasted state was used for the < 2 years of age population simulation. The
majority of children > 6 years of age received either the soft-gel capsules or the melt-extrusion
tablet so the previously described Weibull function for LPV/RTV was implemented. For the 2 to
< 6 years of age population simulation, only subjects receiving the tablet formulation were
included. The plasma concentration data was dose-normalized linearly to the most frequent
administration per age group: 120/30, 160/40, 200/50, and 400/100 mg of LPV/RTYV for the 0 to
< 2 years, 2 to <6 years, 6 to <12 years, and 12 to <18 years of age groups, respectively. The

AFE was calculated using the simulated geometric mean.
3.2.9 Rifampicin Pediatric PBPK Model Development and Evaluation

Data collected from 76 South African children with TB (27 were co-infected with HIV)
between 2 months to 11.3 years of age receiving approximately 10 to 15 mg/kg of rifampicin in
combination with isoniazid and pyrazinamide as the dispersible fixed dose combination tablets
were used for model evaluation.*® There were a total of 606 plasma samples available after
excluding 23 samples below the lower limit of quantification (<0.1 mg/L or <0.25 mg/L from
two different studies in children receiving 10 mg/kg rifampicin and 15 mg/kg rifampicin,
respectively, with pyrazinamide and isoniazid).>**! Concentration data were dose normalized to

a 10 mg/kg dose. A virtual 30 year-old Black American male was scaled to virtual pediatric

119



patients between 2 months to 12 years of age in PK-Sim® incorporating ontogeny information
for albumin (equation 4) and P-glycoprotein (equation 3).

PMA3‘24
— 2 (4
21.5333‘24+PMA3‘24 ( )

Albumin ontogeny factor =

Ontogeny information for AADAC is lacking, so information was leveraged for a similar
human esterase, the human liver serine esterase family that includes human hepatic
carboxylesterase (CES) 1 and 2. The developmental expression pattern for human hepatic CES
enzymes was determined by protein expression of cytosolic and microsomal samples from a
bank of 165 human pediatric liver samples.>? Microsomal CES1 activity was significantly lower
between birth and 3 weeks of age than those from 3 weeks to 6 years of age with median
(interquartile range) values of 6.27 (4.2-13.4) versus 16.8 (13.2-20.8) pmol/mg microsomal
protein, respectively. However, microsomal CES1 activity in ages from 3 weeks to 6 years was
not statistically different from ages greater than 6 years with median (interquartile range) values
of 16.8 (13.2-20.8) versus 18.3 (16.7-21.1) pmol/mg microsomal protein, respectively.>?
Microsomal CES2 increased statistically with age with median (interquartile) values of 1.8 (1.6-
2.5), 2.9 (2.1-3.7), and 4.2 (2.7-5.2) pmol/mg microsomal protein for the age groups of birth to 3
weeks, 3 weeks to 6 years, and greater than 6 years, respectively.®? Therefore, we assumed that

AADAC activity would be relatively similar between pediatric patients > 2 months of age

relative to adults, and thus ontogeny of AADAC was not included.

The ontogeny of OATP1B1 was determined based on protein expression from 71 hepatic
tissue samples in fetuses (15.3-41.3 weeks gestational age (GA)), preterm newborns (24.9-36.7
weeks GA and 0.14-11.4 weeks postnatal age (PNA)), term newborns (39.7-41.3 weeks GA and
0.29-18.1 weeks PNA), pediatric patients (1.08-7.44 years), as well as adults.>® The median

(range) protein expression of OATP1B1 was 26.6 (7.1-101.7), 15.0 (7.0-46.8), 11.3 (4.9-16.5),

120



17.9 (8.2-23.2) and 17.7 (9.1-53.7) pmol/g liver tissue in the fetal, preterm newborn, term
newborn, pediatric, and adult groups, respectively.>® Therefore, we assumed that OATP1B1

expression would be comparable to adults for ages > 2 months and thus the maturation of

OATP1B1 was not included.

The transcellular intestinal permeability was manually optimized using the available
pediatric rifampicin data since the bioequivalence of the pediatric formulation may differ from
adults. There may be clinical factors as a multivariate analysis in 62 children with a diagnosis of
TB receiving rifampicin as part of first-line therapy reported that the variability in rifampicin
Cmax Was influenced by HIV infection and the site of TB infection (pulmonary versus
extrapulmonary).®* The bioavailability also differs across formulations. For example, a study
comparing the PO bioavailability in 20 pediatric patients from 3 months to 2.9 years of age
reported that only 50 + 22% of a freshly prepared PO suspension was absorbed (in contrast to
steady-state bioavailability of 68% in adults).>® Furthermore, in a study of 146 TB infected
children receiving anti-tubercular treatment, rifampicin exposures were 76% lower among
children that received the R-Cin® suspension relative to those whom received the granulate

preparation for suspension (Eremfat®).

The AFE comparing the simulated geometric mean and the observed concentration data
was calculated with a two-fold error (0.5 to 2.0) considered acceptable. In addition, the mean
AUC (from 0 to 5 hours, 0 to 6 hours, or 0 to 8 hours) and the Cmax Were simulated in a virtual
population of 100 Black American pediatric subjects from 2 months to 4 years of age using non-

compartmental analysis in Pheonix WinNonlin® version 8.3 (Certara).
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3.2.10 DDI Simulations Between LPV/RTYV plus Rifampicin in Pediatric Patients

We simulated standard dosing (230/57.5 mg/m? LPV/RTV PO BID) with and without 10
mg/kg PO daily rifampicin, as well as boosted dosing (230/230 mg/m?) and double dosing
(460/115 mg/m?) LPV/RTV PO BID with 10 mg/kg daily PO rifampicin. The population
simulations were performed in 100 virtual children between 0.5 and 4.5 years of age for two
weeks using the liquid formulation of Kaletra® in the fed-state. The simulated PK parameters

were compared with observed data in children.?223

Dosing simulations were next performed to optimize dosing in children (2 months to 8
years of age) receiving boosted LPV/RTV with 10 mg/kg and 15 mg/kg PO daily rifampicin.
We simulated 100 virtual subjects per WHO simplified weight bands (3-5.9, 6-9.9, 10-13.9, 14 to
19.9, and 20-24.9 kg), and targeted weight based dosing for boosted LPV/RTV (1:1 ratio) that
would achieve > 90% of virtual subjects obtaining LPV trough values > 1 mg/L.?* The PBPK
simulated results were also compared with suggested dosing obtained from a population based
PK (PopPK) study developed in HIV infected children with and without TB receiving boosted

LPV/RTV with and without 10 mg/kg PO daily rifampicin.>®
3.3. Results
3.3.1 Adult LPV/RTV PBPK Model Evaluation

The RTV PBPK model was parameterized with CYP3A4, CYP3A5, and CYP2D6
metabolism; P-glycoprotein transport; glomerular filtration; CYP3A4 and CYP3AS5 time-
dependent and competitive inhibition; CYP3A4 induction; and P-glycoprotein competitive
inhibition (Table 3.2). The LPV PBPK model was parameterized with CYP3A4 metabolism and

P-glycoprotein transport, glomerular filtration, and CYP3A4 and CYP3AS5 time-dependent
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inhibition (Table 3.2). All of the simulated to observed AUCo.r s, AUCo-24,ss and Crax,ss mean

ratios were between 0.7 and 2.0 (Table 3.3-Table 3.6 and Figure 3.1).
3.3.2 Adult Rifampicin PBPK Model Evaluation

The previously published rifampicin PBPK model was parameterized with metabolism
and auto-induction by AADAC, transport and auto-induction by P-glycoprotein and OATP1B1,
as well as renal clearance via glomerular filtration. We further optimized the glomerular filtration
rate using literature data, and optimized the AADAC Vmax, AADAC Emax, lipophilicity, and
transcellular intestinal permeability (Figure 3.1). The AFE was calculated based on PK data
collected on day 1 and at steady-state in adults with newly diagnosed pulmonary TB in South
Africa, whom received 450 mg PO (body weight < 50 kg) or 600 mg PO rifampicin daily in
combination with isoniazid, pyrazinamide, and ethambutol as the fixed-dose combination
tablets.** The AFE was 1.05 for adults receiving 450 mg daily rifampicin and was 1.44 for adults
receiving 600 mg daily rifampicin (Figure 3.2).

3.3.3 Adult LPV/RTV with Rifampicin DDI Evaluation

Standard dosing, supra-boosted dosing, and double-dosing of LPV/RTV with 600 mg PO
daily rifampicin were simulated and compared with observed data. The simulated to observed
geometric mean fold ratios for Cmax,ss, AUCo-r,ss, aNd Cmin,ss LPV were similar and all within 2-
fold except for the the Cninss at standard dosing (400/100) LPV/RTV) with 600 mg PO daily

rifampicin that was ~9-fold higher (Figure 3.7).
3.3.4 Pediatric LPV/RTV PBPK Model Evaluation

Population simulations were performed for LPV/RTV and compared with observed data
collected in 160 HIV-1 infected pediatric subjects (1203 LPV samples) from 0.115 to <18 years

of age that received LPV/RTV.* The AFE ranged from 0.67 to 1.94 for LPV and 0.68 to 1.62
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for RTV, and the simulated versus observed median AUCo-12, Cmin, and Cmax Were very similar
(Table 3.8 and Figure 3.3-Figure 3.6).
3.3.5. Pediatric Rifampicin PBPK Model Evaluation

The model AFE ranged from 0.82 to 1.25 based on observed data in 76 South African
children with TB from 2 months to 11.3 years of age receiving 10-15 mg/kg rifampicin (Figure
3.7).* However, there was underprediction of rifampicin at the earlier timepoints, suggesting
that rate of absorption may be greater in pediatric patients. This is likely associated with
differences in the formulations of the fixed-dosed combination of rifampicin between pediatric
patients and adults. In addition, the mean simulated AUC and the Cmax were similar to those
reported in TB positive children although the observed data varied considerably by rifampicin
dosing, age, HIV infection status, and formulation (Table 3.9).5%°15457 The simulated median
(inter-quartile range) steady-state oral clearance (CL/F) for virtual children between 2 to <6
years and 6 to <12 years was 7.53 (5.39, 9.75) L/h and 13.1 (9.89, 17.4) L/h, respectively,
compared to 7.7 (5.2-11.4) L/h in 62 children with a median (inter-quartile range) of 5.0 years
(2.8-8.9).%
3.3.6 Pediatric LPV/RTV with Rifampicin DDI Model Evaluation

The simulated and observed PK parameters were comparable in children between 0.5 and
4.5 years receiving the 230/57.5 mg/m? PO BID LPV/RTV and 230/230 mg/m? PO BID
LPV/RTV with 10 mg/kg PO daily rifampicin regimens, however, there was considerable
discrepancy for 460/115 mg/m? LPV/RTV PO BID with 10 mg/kg PO daily rifampicin (Table
3.8).2223 Based on our simulations, the double dosing was able to overcome the rifampicin
inductive effects in adults and pediatric patients slightly better than boosted dosing (Figure 3.8).

The simulated RTV AUC,..ss for the 12 hour dosing interval was significantly lower in children
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compared to adults for all dosing regimens evaluated (Figure 3.8). In addition, for the standard
LPV/RTV dose with rifampicin, the simulated impact of rifampicin on inducing oral clearance
was slightly lower in children relative to adults (Figure 3.8).
3.3.7 Dosing Simulations to Optimize Dosing for LPV/RTV in Pediatric Patients

The simplified weight based dosing for boosted LPV/RTV in children (2 months to 8
years of age) was optimized when administered concurrently with 10 mg/kg rifampicin as well as
the WHO recommended dosing of 15 mg/kg rifampicin (Table 3.10). We simulated that 14-16
mg/kg of boosted LPV/RTV (1:1 ratio administered PO BID) in combination with 10 mg/kg PO
daily rifampicin resulted in 94% to 100% of simulated subjects achieving LPV Cpinss values > 1
mg/L (Table 3.10). Similarly, a previously published PopPK model reported that boosted
LPV/RTV dosing from 12 mg/kg (14-19.9 kg) to 22 mg/kg (3-5.9 kg) resulted in > 95% of
subjects achieving LPV Cminss Values > 1 mg/L.%® Furthermore, increasing the rifampicin dosing
to 15 mg/kg PO daily with 16 mg/kg PO BID of boosted LPV/RTYV resulted in 93% to 98% of

simulated subjects achieving LPV Chinss Values > 1 mg/L (Table 3.10).
3.4 Discussion

In this study, adult and pediatric PBPK models for LPV/RTV with rifampicin were
developed and evaluated in order to optimize dosing for LPV/RTV with rifampicin in pediatric
patients co-infected with HIV and TB. Adult simulations for LPV/RTV with rifampicin were
performed using a published rifampicin model (with some revised model assumptions), and then
simulations were compared with observed data reported in healthy and HIV/ TB co-infected
adults.®> The LPV/RTV and rifampicin PBPK models were scaled to pediatric patients and
evaluated using pediatric PK data. Next, the LPV/RTV with rifampicin DDI was simulated and

compared with PK parameters reported in pediatric patients with HIV and TB receiving double
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or boosted doses of LPV/RTV with rifampicin. Finally, dosing recommendations of boosted
LPV/RTV (1:1 ratio) were simulated in pediatric patients from 2 months to 8 years of age using

the WHO revised dosing of rifampicin (15 mg/kg) stratified by WHO simplified weight bands.?*

The RTV PBPK model leveraged literature data and then the solubility, lipophilicity,
transcellular intestinal permeability, and P-glycoprotein Vmax were optimized (Table 3.1). RTV is
essentially insoluble in water but the soft-gel capsule and the melt-extrusion tablet formulations
of Kaletra® have higher RTV solubility.®® Since the solubility of RTV is unknown in these
formulations, the aqueous solubility of RTV was optimized. The transcellular intestinal
permeability was also optimized using a higher value in simulations with doses > 200 mg.
Another published PBPK model developed for RTV also optimized the fraction absorbed from
0.08 to 1.00 for doses ranging from 20 mg to 200 mg.>® This suggests that there may be some
model misspecification regarding CYP3A4 and/or P-glycoprotein intestinal inhibition in the
model, however, RTV is typically administered at doses under 200 mg in adults and children.
However, the RTV-mediated DDI potentials for CYP3A4/5 and P-glycoprotein were evaluated
based on comparing simulations with clinical DDI data for RTV plus midazolam and sildenafil
(CYP3A probes) and digoxin (P-glycoprotein probe).

The interaction potential of RTV is highly complex, as it can both induce and inhibit
hepatic and intestinal CYP3A4 as well as P-glycoprotein. Studies using midazolam as the probe
CYP3A4 substrate reported that chronic dosing of RTV (400 mg PO BID) decreased intestinal
and hepatic CYP3A activity by 78% and 90%, respectively.®® Another study using fexofenadine
as the P-glycoprotein probe substrate reported that RTV inhibited P-glycoprotein with an
increase in the AUC of fexofenadine of 2.8-fold after 600 mg PO on day 1 and 1.4-fold after 400

mg PO BID for 2 weeks.%! RTV has been reported to induce P-glycoprotein 2- to 9-fold;
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however, P-glycoprotein induction was not included in the model because there is uncertainty in

the induction parameters and net P-glycoprotein inhibition is observed clinically.5!

The LPV PBPK model was developed and evaluated as the LPV/RTV co-formulation
since clinical data for LPV alone is limited due to its poor bioavailability (Table 3.1 and Table
3.2). RTV significantly increases LPV bioavailability, presumably through P-glycoprotein and
CYP3A inhibition. LPV-mediated P-glycoprotein inhibition was not included in the model
although both induction and inhibition of P-glycoprotein have been reported experimentally for
LPV.% In healthy human volunteers, co-administration of a single 400 mg dose of LPV with 50
mg RTV enhanced the AUCo- of LPV in plasma by 77-fold relative to dosing of LPV alone.®
Additionally, LPV doses up to 600 mg did not affect the PK profile of 50 mg or 100 mg RTV
after multiple dosing of LPV/RTV.2 This suggests that P-glycoprotein and/or CYP3A inhibition

by LPV is negligible relative to RTV when administered concurrently.

A previously developed adult PBPK model for rifampicin was modified using data from
adult TB patients, and then the DDI between LPV/RTV with rifampicin was evaluated in
adults.®? Using the optimized rifampicin model, we simulated standard dosing (400/100 mg),
double dosing (800/200 mg), and boosted dosing (400/400 mg) of LPV/RTV PO BID with 600
mg PO daily rifampicin, and compared these results with observed values reported in healthy and
HIV infected adults. The simulated LPV AUCo.. s for standard dosing was decreased by 79%
with rifampicin, compared to 75% reported in healthy adults and 68% reported in HIV infected
adults.>*® However, the simulated LPV Cminss geometric mean fold ratio for standard dosing with
rifampicin was 9-fold higher than reported in healthy adults. The actual timing of the trough
measurements may differ since the study details were not well described in the package insert.®

Additionally, a diurnal pattern for RTV has been reported clinically with lower exposures and
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higher troughs following the evening dose which was not accounted for in the PBPK model.?®
Consistent with clinical studies in HIV-infected and healthy adults, the simulations for double
and boosted dosing of LPV/RTV overcame rifampicin induction and resulted in similar

exposures as the standard dosing without rifampicin (Table 3.7 and Figure 3.8).

In the adult and pediatric DDI simulations, rifampicin resulted in lower induction of
LPV/RTV oral clearance in children relative to adults, probably due to lower expression of P-
glycoprotein and CYP3A4 in pediatric patients (Figure 3.8). A PopPK model developed for
LPV/RTV with rifampicin in adults and children reported that rifampicin induced the clearance
of LPV and RTV to lesser extent in children than adults, but rifampicin co-administration
significantly diminished the bioavailability of LPV and especially RTV in children relative to
adults.?° Furthermore, observed data in children suggest that there is a critical RTV concentration
(< approximately 0.1 mg/L) around which RTV can no longer adequately boost LPV
concentrations. The PBPK model underestimates the boosted effect of RTV on LPV
bioavailability at low RTV concentrations, which may occur in children receiving LPV/RTV
with rifampicin.?>*® The Kaletra® liquid also has a poor taste, so it is also possible that the entire
dose is not swallowed or absorbed when given in large volumes with double LPV/ RTV dosing
with rifampicin in children. The bioavailability of LPV/RTV is also lower in infants and young
children due, in part, to dietary and formulation issues. We accounted for these differences in the
PBPK model by assuming that infants < 6 months of age received LPV/RTV in the fasted state
and that the bioavailability of the liquid formulation was a fraction of that of the soft-gel capsule
based on a bioequivalence study performed in adults with and without food.®> However, the
bioavailability of liquid Kaletra® may be much different in infants receiving breast-milk or

formula relative to the adult bioequivalence study data.
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Despite the lack of confidence for the PBPK model predicted double dosing of LPV/RTV
with rifampicin, we were able to capture the DDI between boosted LPV/RTV with rifampicin
(Table 3.4). Therefore, we simulated weight-based dosing for boosted LPV/RTV with rifampicin
in virtual pediatric subjects from 2 months to 8 years of age between 3.0-24.9 kg body weights.
A prospective study in 96 HIV-infected children with TB (median age of 18.2 months) found
that there was a non-inferior difference, measured by LPV troughs > 1 mg/L, of -1.1% (95%
confidence interval of -6.9 to 3.2) in children receiving boosted LPV/RTV with 10 mg/kg
rifampicin relative to standard LPV/RTV without rifampicin.®?> However, studies have not yet
evaluated boosted dosing of LPV/RTV in combination with the WHO revised rifampicin dosing
of 15 mg/kg in the fixed-dose combination. The clinical endpoint was to achieve LPV troughs >
1 mg/L based on the concentration of half maximum inhibition of 0.1 uM for wild-type HIV in
50% serum.® Based on our simulations, 16 mg/kg of boosted PO BID with 15 mg/kg PO daily
rifampicin in children weighing between 3.0 kg to 24.9 kg resulted in >90% of virtual subjects
with LPV Cmin,ss> 1 mg/L. In contrast, the WHO recommends standard LPV/RTV (4:1) weight-
based without rifampicin of approximately 20-40 mg/kg, 12-20 mg/kg, 12-16 mg/kg, 10-14
mg/kg, and 10-12 mg/kg for the 3-5.9 kg, 6-9.9 kg, 10-13.9 kg, 14-19.9 kg, and 20-24.9 kg
weight-bands. We are predicting a less-pronounced age effect on LPV/RTV disposition than the
WHO dosing.%® We identified minor differences in our simulated dosing recommendations for
virtual infants and children receiving 10 mg/kg or 15 mg/kg of PO daily rifampicin. This is likely
because the mean rifampicin average concentration during the dosing interval in children
receiving the 10 mg/kg daily dose was 0.67 mg/L, which exceeds the CYP3A4 and P-

glycoprotein ECso value (0.28 mg/L) thus induction is already functioning close to the Emax.
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We leveraged PBPK modeling to optimize dosing for HIV/TB co-infected pediatric
patients receiving LPV/RTV plus rifampicin. Due to the complexity of this three-way
interaction, there are some notable limitations and key assumptions that require further
discussion. First, we performed the DDI simulations assuming that LPV/RTV had negligible
impact on rifampicin exposures. Both LPV and RTV potently inhibited OATP1B1, however, we
did not observe significant differences in rifampicin exposure with and without inclusion of these
in-vitro parameters. Second, we overestimated the DDI magnitude for double dosing in children
relative to observed data suggesting that the boosted effect of RTV is not adequately captured at
low RTV concentrations. Therefore, this model should not be extrapolated to optimize dosing for
fixed-dose (4:1 ratio) LPV/RTV in combination with rifampicin in HIV/TB co-infected pediatric
patients. Finally, there may be physiological differences in HIV and TB co-infected children,
such as malnourishment as well as differences between the White or Black American virtual

population and South Africans, which are not incorporated in the pediatric virtual population.

In conclusion, adult and pediatric PBPK models for LPV/RTV with rifampicin were
developed and evaluated in order to optimize boosted dosing for LPV/RTV with rifampicin in
pediatric patients co-infected with HIV and TB. Based on our simulations, 16 mg/kg of boosted
PO BID with 15 mg/kg PO daily rifampicin achieved LPV Cinss values >1 mg/L in >90% of
virtual pediatric subjects (2 months to 8 years of age) weighing between 3.0 kg to 24.9 kg body-

weight.
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3.5 Tables

Table 3.1: Clinical data available for model development and evaluation.

Drug of Sample
Interest Size Population Dosing and PK Sampling
24 RTV (20, 50, 100, 200 mg) PO once
RTV Healthy adults daily with elvitegravir for 10 days with
PK collected on day 10%
RTV (200, 300, 400, 500 mg) PO every
RTV 16 HIV-infected adults | 12 hours for 17 days with PK collected
on day 172°
LPV (100, 200, 400, 800 mg) plus 100
LPV/RTV N/A Healthy male mg RTV single dose; LPV (400, 600,
volunteers 800 mg PO) plus 200 mg PO RTV
single dose®
400/100, 200/150, 200/50 mg
LPV/RTV 22 Healthy adults LPV/RTV PO BID for 7 days with PK
data collected on day 73
LPV/RTV 8 Healthy males 400/100 mg LPV/RTV PO single dose®
400/100 mg LPV/RTV PO BID for 16
LPVIRTV 16 Healthy adults days with PK data collected on day 16%
Healthy adult 400/100 mg LPV/RTV PO BID for 10
LPVIRTV 12 volunteers days; PK data collected on day 11%’
400/100 mg LPV/RTV PO BID; PK
- data collected during the week 2 study
LPV/IRTV 9 HIV-infected adults visit (14-28 days after starting
treatment)8°
HIV-infected children 300/75 mg/m? LPV/RTV PO BID;
LPVIRTV 229 from 0.2-18 years PK data collected > 2 weeks®
Rifampicin 12 Healthy adult males 390 mg or 6.00 mg I.V (3.0 m'néite
infusion) rifampicin (single)
Rifampicin 11 Healthy adults 300, 45.0’ 60(.) my I.V (3 hour lrlliusmn)
rifampicin (single dose)
Rifampicin 12 Healthy adults 300 mg PO capsules (single dose)®
Rifampicin 8 Healthy adults 450 mg PO tablet (single dose)*

. - 600 mg PO capsule (single dose) and
Rifampicin 12 Healthy males 600 mg PO capsule daily for 7 days®®
Rifampicin 38 Healthy adults 600 mg PO capsule (single dose)®’
Rifampicin 24 Healthy males 600 mg PO capsule (single dose)®®
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Rifampicin 12 Healthy adults 600 mg PO daily for 7 days®®
. 450 mg (<50 kg) or 600 mg (>50 kg);
. - Adult TB patients
Rifampicin 174 with and without HIV PK data coIIectggﬁ)n day 1 and day
: . Median (interquartile range) of 10.3
Rifampicin 76 ;Er:lnéef;?glcglliraerr; (6.37-15.9) mg/kg PO once daily;
' s PK data collected > 2 weeks®
LPV/RTV: 400/100 mg (standard dose)
with PK data collected at baseline and
LPV/RTV one Wegk_ a.fter starting 600 mg PO daily
. rifampicin; PK data collected one week
plus 21 HIV-infected adults fier initiati dail
Rifampicin R te_r_lnltlatlng 600 mg PO daily
rifampicin plus 600/150 mg LPV/RTV
(1.5 times) and 800/200 mg LPV/RTV
(double dose)*®
2
230/57.5 mg/m LPV/RTV; 230/230
2
LPV/RTV HIV-infected infants mg/m LPVIRTV +10 mg/kg
plus 74 +TB from 0.5-4.5 | rifampicin; 430/115 mg/m LPV/RTV
Rifampicin years +10 mg/kg rifampicin; PK data
collected after > 2 weeks of
therapy?9:20:2356

Abbreviations: N/A: not available; TB: tuberculosis; HIV: human immunodeficiency virus; LPV:

lopinavir; RTV: ritonavir; PO: oral; BID: twice daily; PK: pharmacokinetic
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Table 3.2: Final physiologically-based pharmacokinetic (PBPK) model parameters for lopinavir,

ritonavir, and rifampicin.

Parameter Lopinavir Ritonavir Rifampicin
Physiochemical Properties
Lipophilicity 3.32% 3.83% 2.91°
Molecular Weight 629 g/mol [] 721 g/mol [] 822.94 g/mol [™]
Fraction Unbound 0.01 [ 0.01 [ 0.11 [
Protein Binding AAG AAG Albumin
Solubility 0.00192 mg/mL [] 100 pg/mL* 2.8 mg/mL [*]
. 70 70 7.90 (Base)/ 1.70
pKa (Acid or Base) Neutral ["] 2.84 (Base) [""] (Acid) [7]
2.33*10° cm/min | 3.00 *10°° cm/min
Transcellular 9.91-10* cm/min? (<200 mg)? (adults)?
Intestinal Permeability 8.91 * 10 cm/min 7.50 *10® cm/min
(>200 mg)? (pediatric)?
Metabolism and Transport
CYP3A4 Kwm 6.8 UM [°] 0.068 uM [?] -
CYP3A4 Vmax 9.4 nmol/mg/min [?] 1.37 meGI]/mln/mg -
CYP3A5 Km - 0.047 uM [?] -
CYP3A5 Vi i 1.00 me)Gl]/mln/mg i
CYP2D6 K - 1LOpM [°] -
CYP2D6 Vinax i 0.93 me)Gl]/mln/mg i
P-glycoprotein Km 0.13 uM 7] 0.13 uM [7] -

P-glycoprotein Vmax
P-glycoprotein Kcat
AADAC Kwm

AADAC Vmax
GFR fraction®
OATP1B1 Vmax
OATP1B1 Km

CYP3A4 Kinact half

1.28 pmol/min/pmol? | 1.68 pmol/min/pmol?

Interactions

0.41 M [%9] 0.10 pM [*¥]
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0.61 1/min [*]
162.9 uM [}
47.4
pmol/min/pmol?
1.80?
8.37*%10*
pmol/min/pmol [3]
1.50 uM []



CYP3A4 Kinact 0.10 1/min [*¥] 0.32 1/min [%] -

CYP3A4 K| - 0.03 uM [ 18.5 uM [
CYP3A4 ECso - 1.0 uM ] 0.34 uM [39]
CYP3A4 Emax - 68.5 [7] 9.0 [%5]

CYP3AS5 Kinacthalf 1.00 uM [%9] 0.12 UM [*3] -
CYP3AS5 Kinact 0.05 1/min [%3] 0.08 1/min [%3] -
CYP3AS5 K| - 0.03 uM [*4] ;
P-glycoprotein K| - 0.2 uM [%] 169 uM [11]
P-glycoprotein ECso - - 0.34 uM [*5%]
P-glycoprotein Emax - - 2.5 %]
OATP1B1 ECso - - 10 uM [%]
OATP1B1 Emax - - 5.0 [¥]
AADAC ECsxo - - 0.9 uM [
AADAC Emax - - 5.0%

%0ptimized value. ®Adult renal clearance via the GFR fraction was predicted using a GFR
fraction to account for tubular reabsorption or secretion as the empiric renal clearance (literature
renal clearance value in adults) divided by the expected renal clearance as a result of GFR if
there was no tubular reabsorption (fraction unbound x normal GFR). Abbreviations: pKa:
negative base-10 logarithm of the acid dissociation constant; CYP3A4: cytochrome P450 3A4;
CYP3ADB: cytochrome P450 3A5; CYP2D6: cytochrome P450 2D6; Kwm: concentration of half-
maximum metabolism or transport; Vmax: maximum rate of metabolism or transport; AADAC:
human arylacetamide deacetylase; OATP1BL1: organic-anion-transporting polypeptide (OATP)
1B1; ECso: concentration of the drug that gives half-maximum induction; Emax: maximum
induction; Kinacthaif: concentration of half-maximum inactivation; Kinact: maximum rate of
inactivation; K;: concentration of half-maximum inhibition; AAG: al-acid glycoprotein;

glomerular filtration rate.
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Table 3.3: Comparison between the observed and simulated lopinavir and ritonavir area under
the concentration vs. time curve and maximum concentration following the Kaletra® fixed-dose

combination (400/100 mg lopinavir/ritonavir) in healthy and HIV-infected adults.

Lopinavir Ritonavir Lopinavir Ritonavir
AU CO-T,SS AUCO--:,ss Cmax.ss Crmax,ss
(Mg-h/mL) (ug-h/mL) (ng/mL) (ug/mL)
Virtual adults
Simulated® | 93.7 45 8.9 0.53
Healthy adults
Observed® 96.8 + 21.8 44+18 11.2+29 0.85 + 0.45
Ratio® 1.0 1.0 0.8 0.6
Observed® 70.9+37.0 3.08 +2.79 7.67 £2.93 0.42 £0.36
Ratio® 1.3 1.5 1.2 1.3
HIV-infected adults
Observed® 92.6 + 36.7 N/A 9.8+37 N/A
Ratio® 1.0 N/A 0.9 N/A
Observed® 95.3 4.97 N/A N/A
(60.3-119.3) (2.82-8.74)
Ratio® 1.0 0.9 N/A N/A

8Simulated data presented as the geometric mean * standard deviation in a virtual population of
100 white Americans (50% female) from 25 to 47 years of age. Ratio calculated as the ratio of
the simulated to observed mean value.

bOpserved data presented as the mean + standard deviation for 16 healthy volunteers receiving
Kaletra (400 mg lopinavir with 100 mg ritonavir) PO (PO) BID for 16 days administered as the
fixed-dose melt extrusion tablet formulation (Kaletra®).%

“Observed data presented as the mean + standard deviation for 24 healthy adults receiving

Kaletra (400 mg lopinavir with 100 mg ritonavir) PO BID for 11 days.*’
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d0bserved data presented as the steady-state mean + standard deviation for 19 HIV-infected
subjects receiving Kaletra (400 mg lopinavir with 100 mg ritonavir) PO BID as the fixed-dose
melt extrusion tablet formulation.® *Observed data presented as the mean (min-max) obtained
from 8 HIV-infected adults receiving Kaletra 400 mg lopinavir with 100 mg ritonavir) PO BID
with tenofovir with or or two other nucleotide reverse transcriptase inhibitor drugs for two

weeks.3°

Abbreviations: HIV: human immunodeficiency virus; AUCo..ss: area under the concentration vs.
time curve from O to tau (0 to 12 hours) at steady-state; Cmaxss: maximum concentration at

steady-state, N/A: not-available.
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Table 3.4: Comparison between the observed and simulated area under the concentration vs.
time curve and maximum concentration of ritonavir in healthy adults.

Ritonavir Observed Simulated Observed Simulated

Dose AUCO-r,ss AUCO-T,SS Ratio Cmax,ss Cmax,ss Ratio
(Mg*hr/mL) | (ug*hr/mL) (pg/mL) (Hg/mL)

20mgPO |44y 0.130 1.0 |0.0195 0.0171 0.9

daily

S0mgPO 1,4, 0.766 0.7 |0.130 0.089 0.7

daily

100mgPO | ¢ 55 5.29 08 |0.807 0.550 0.7

daily

200mg PO | ¢ 28.9 18 | 246 3.92 16

daily

Observed data presented as the arithmetic mean based on 21 healthy subjects whom received

ritonavir (20, 50, 100, and 200 mg) orally (PO) once daily in combination with 125 mg

elvitegravir for 10 days to achieve steady-state.?> Simulated data based on a mean 29 year old

individual receiving ritonavir (20, 50, 100, and 200 mg) PO once daily for 10 days.

Abbreviations: AUCo..ss: area under the concentration vs. time curve from 0 to tau (0 to 24

hours) at steady-state; Cmax,ss: maximum concentration at steady-state; Oral: PO administration.
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Table 3.5: Comparison between the observed and simulated area under the concentration vs.
time curve and maximum concentration of ritonavir in HIV-infected adults.

Ritonavir Observed? Simulated® Observed? | Simulated®

Dose AUCO-24,SS AUCO-24,SS Ratio Cmax,ss Cmax,ss Ratio
(Mg*hr/mL) | (ug*hr/mL) (Hg/mL) (Hg/mL)

200mgPO | /5 g 68.1 16 |45 48 11

twice daily

300mgPO | o 5 120.8 20 |65 8.0 1.2

twice daily

400mg PO 1,,,, 184.0 16 |11.7 11.4 1.0

twice daily

500mgPO )4 5 252 15 | 142 14.7 1.0

twice daily

40bserved data presented as the arithmetic mean based on 16 HIV-infected adults from 21 to 42

years of age whom received ritonavir (200, 300, 400, 500 mg) PO twice once daily for 16 days.?

bSimulated data based on the arithmetic mean =+ the standard deviation in 100 virtual adults from

21 to 42 years of age.

Abbreviations: HIV: human immunodeficiency virus; AUCo.24ss: area under the concentration

vs. time curve from 0 to 24 hours at steady-state; Cmaxss: maximum concentration at steady-state;

Oral: PO administration.
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Table 3.6: Comparison between the lopinavir and ritonavir observed and simulated area under the concentration vs. time curve and

maximum concentration in healthy adults.

Lopinavir (400 mg) + Lopinavir (200 mg) + Lopinavir (200 mg) +
Ritonavir (100 mg) Ritonavir (150 mg) Ritonavir (50 mg)
Lopinavir Ritonavir Lopinavir Ritonavir Lopinavir Ritonavir
Observed? AUCo-1,ss
’ . 4.64 73. 10. 45.1 1.
(ug*hr/mL) 99.6 6 3.6 0.5 5 63
Simulated® AUCo-r,ss
’ . 7.24 76. 13. 1.7 1.
(ug*hr/mL) 88.9 6.6 3.3 3 55
AUCo-rss Ratio 0.9 1.6 1.0 1.3 0.7 1.0
a
Observed? Cmax 12.0 0.887 8.94 1.96 6.40 0.273
(Hg/mL)
H b
Simulated” Crmax 13.0 0.839 12.0 1.48 6.34 0.199
(ng/mL)
Cmax Ratio 1.1 0.9 1.3 0.8 1.0 0.7

40bserved data presented as the geometric mean of 22 healthy adults (8 females) whom received PO (PO) lopinavir/ritonavir

(LPV/RTV) administered PO BID for 7 days with PK data described on day 7.34

bSimulated data based on a 29 year-old European male receiving 400/100, 200/150, or 200/50 mg LPV/RTV PO BID for 7 days.

Abbreviations: AUCo.ss: area under the concentration vs. time curve from 0 to tau (0 to 12 hours) at steady-state; Cmax,ss: maximum

concentration at steady-state.




Table 3.7: Comparison of observed and simulated lopinavir area under the concentration vs.
time curve, maximum concentration, and minimum concentration at steady-state following co-
administration with ritonavir and rifampicin in healthy and HIV/TB co-infected adults.

LPV/IRTV Data Lopinavir Lopinavir Lopinavir
Dose (mg) + Rifampicin Source Crmaxss AUCo-1,ss Chin,ss
0.45 0.25 0.01
a
Observed™ | 10,0.51) | (0.21,0.29) | (0.01,0.02)
0.29 0.21 0.09
- b
400/100 mg LPV/RTV | Simulated (0.28,031) | (0.21,0.22) | (0.09,0.10)
0.46 0.32 0.05
C
Observed” | 42.0.50) | (0.28-0.36) | (0.03,0.06)
0.93 0.98 1.03
Observed®
4001400 mg LPVIRTV (0.81,1.07) | (0.81,1.17) | (0.68, 1.56)
Simulatedh 0.96 0.94 0.85
(0.94,0.99) | (0.94,0.99) | (0.80, 0.90)
1.02 0.84 0.43
d
Observed™ | g5 123) | (0.64,1.10) | (0.19,0.96)
. 0.82 0.86 0.73
b
800/200 mg LPV/RTV | Simulated (0.79,0.85) | (0.83,0.89) | (0.59,0.91)
113 1.02
C
Observed” | 97 131) | (0.90, 1.15) NIA

Data are presented as the geometric mean ratio and the associated 90% confidence interval
interval, except for the observed lopinavir Cminss Which is presented as the ratio of the median
(inter-quartile range).

40Observed data are presented as the geometric mean (90% confidence interval (Cl)) ratio at
steady-state based on 22 healthy adults receiving 400 mg lopinavir with 100 mg ritonavir soft-gel
capsules BID in combination with 600 mg PO (PO) once daily rifampicin relative to 400 mg

lopinavir with 100 mg ritonavir soft-gel capsules BID for 10 days.®

bSimulated data based on 100 virtual white American adults (60% female) from 22 to 70 years

of age.
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®Observed data presented as the geometric mean ratio (90% CI) in 21 (86% female) HIV-
infected adults receiving LPV/RTV with dual nucleoside reverse transcriptase inhibitors at
400/100 mg PO BID, with 600 mg PO daily rifampicin, and at 800/200 mg PO BID with 600 mg
PO daily rifampicin.*®

d0bserved data presented as the geometric mean ratio (90% CI) in healthy adults receiving 800
mg lopinavir with 200 mg ritonavir or 400 mg lopinavir with 400 mg ritonavir soft-gel capsules
BID in combination with 600 mg PO daily rifampicin for 7 days relative to receiving 400 mg
lopinavir with 100 mg ritonavir soft-gel capsules BID for 10 days.?

Abbreviations: HIV: human immunodeficiency virus; TB: tuberculosis; N/A: not available;
LPV/RTV: lopinavir/ritonavir; Cl: confidence interval; Cmax,ss: maximum concentration at
steady-state; Cminss: minimum concentration at steady-state; AUCo..: area under the

concentration vs. time curve from 0 to tau (0 to 12 hours) at steady-state.
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Table 3.8: Comparison of observed and simulated lopinavir area under the concentration vs. time curve, maximum concentration, and
minimum concentration at steady-state in infants and children from 0.5 to 4.5 years of age.

Dosing Regimen

230/57.5 mg/m? LPV/IRTV

230/230 mg/m? PO BID LPV/RTV

460/115 mg/m? PO BID LPV/RTV

PO BID alone + 10 mg/kg PO Daily Rifampicin | + 10 mg/kg PO Daily Rifampicin
PK Parameter Observed?®P? Simulated Observed? Simulated Observed® Simulated
AUCo-12ss 117.8 105.9 80.9 78.5 N/A 89.6
(mg*h/L) (80.4,176.1)3 | (74.5,148.2) (50.9, 121.7)% (57.3, 111.4) (59.9, 125.4)
AUCo-8ss 49.2 78.8 N/A 59.5 23.9 69.0
(mg*h/L) (40.7, 86.6)% | (55.3,109.1) (44.2,83.6) | (13.8,49.6)% (46.4, 94.8)
Cainss (Mg/L) 4.6 5.5 3.9 3.3 0.7 3.6
' (2.3,10.4)® (3.3,9.0) (2.3,7.7)% (2.3,5.75) (0.1, 2.02 (2.4,7.1)
14.2 11.9 10.5 9.9 4.5 11.2
Crmacss MAIL) 111 9 235y | (9.2,17.1) (7.1, 14.3)% (7.4,136) | (25 82)% (7.1, 14.9)

Data are presented as the median (interquartile range). *Observed data were reported in a population of 15 children (7 months to 3.9

years) co-infected with HIV/TB receiving 230/230 mg/m? (boosted dose) of liquid LPV/RTV oral (PO) twice daily (BID) with 10

mg/kg PO daily rifampicin.? PObserved data presented in children (aged 0.64 to 2.43 years) receiving 460/115 mg/m? (double dose)

BID PO solution of LPV/RTV with 10 mg/kg PO daily.?? Simulations in a population of 100 virtual children from 6 months to 4.5

years of age. Abbreviations: LPV: lopinavir; RTV: ritonavir; Cminss: minimum concentration at steady-state; Cmax,ss: maximum

concentration at steady-state; AUCo-12,ss: area under the concentration vs. time curve from 0 to 12 hours at steady-state; AUCo.gss: area

under the concentration vs. time curve from 0 to 8 hours at steady-state; PO: Oral administration.




Table 3.9: Comparison of simulated and observed AUC and Cmax for rifampicin in TB positive
pediatric patients

AUC (ug*h/mL) \ Cmax (Mg/mL) \ Patient Population

Observed mean (10 mg/kg PO daily rifampicin)

14.9 (AUCo.) 3.9 (2 hour plasma level) | 21 HIV infected TB positive
children with a mean age of 3.73
years?

7.4 (AUCos) 8.5 15 HIV uninfected TB positive
children < 2 years old with a mean
age of 1.09 years”

Simulated mean (10 mg/kg PO daily rifampicin)

8.3 (AUCozs) 3.3 100 virtual subjects (Black American

8.8 (AUCo-6) population) from 2 months to 4 years
of age

Observed mean (15 mg/kg PO daily rifampicin)

26.0 (AUCo-s) 6.3 62 TB positive children (45.2% HIV
infected) with a median age of 5.0
years®

12.1 (AUCo.s) 2.9 26 TB positive infants (13% HIV
infected) with a mean age of 6.6
months?

Simulated mean (15 mg/kg PO daily rifampicin)

13.6 (AUCoq.s) 4.6 100 virtual subjects (Black American
population) from 2 months to 4 years
of age

&Mean rifampicin data for 21 HIV uninfected TB positive children with a mean age of 3.73 years
receiving a mean (range) rifampicin dose of 9.61 mg/kg (6.47 to 15.58) for 1 month after
commencing treatment administered as part of a fixed-dose tablet formulation designed for
pediatric use.>

®Mean rifampicin data for 15 HIV uninfected TB positive children with a mean (standard
deviation) age of 1.09 years (0.49 years) receiving 10 mg/kg rifampicin for > 2 weeks
administered as part of a fixed-dose tablet formulation that was crushed and dissolved in 2 to 5

mL of water and then PO absorbed."
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®Median rifampicin data for 62 TB positive children (45.2% HIV infected) with a median (inter-
quartile range) age of 5.0 years (2.8, 6.9 years) receiving the World-Health Organization
standardized rifampicin dosing (15 mg/kg daily (range of 10-20 mg/kg)) as part of the dispersible
fixed-dose combination tablets with isoniazid, rifampicin, pyrazinamide, and ethambutol.

Pharmacokinetic sampling was performed at or after 4 weeks of anti-tubercular treatment.>*

926 TB positive infants (13% HIV infected) with a mean (standard deviation) age of 6.6 months
(3.3 months) receiving the World Health Organization standardized rifampicin dosing (15 mg/kg
daily (range of 10-20 mg/kg)) as part of the dispersible fixed-dose combination tablets with
isoniazid, rifampicin, pyrazinamide, and ethambutol. Pharmacokinetic sampling was performed
at or after 2 weeks of anti-tubercular treatment.”

Abbreviations: HIV: human immunodeficiency virus; TB: tuberculosis; AUCo.s: area under the
plasma concentration curve from 0 to 5 hours; AUCo.¢: area under the plasma concentration curve

from 0 to 6 hours; AUC,.g: area under the plasma concentration curve from 0 to 8 hours.
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Table 3.10: Comparison of observed and simulated lopinavir area under the concentration vs. time curve, maximum concentration,
and minimum concentration at steady-state following the simulated dosing recommendations for pediatric patients receiving

lopinavir/ritonavir with rifampicin.

Age Weight Rifampicin | PBPK PopPK LPVAUC: | LPV LPV LPV
Range (kg) dally dose LPV/IRTV LPV/RTV (mg*h/L)a Crmaxss Chin,ss Chmin,ss
(vears) PO (mg/kg) | (1:1) BID | (1:1) BID (mg/L)? | (mg/L)* | > 1 mg/L
dosing PO | dosing PO (%)
(mg/kg) (mg/kg)
0.02-0.5 ]3.0-5.9 10 16 22 161 16.9 9.6 100
05-18 |6.0-9.9 10 16 16 142 14.9 8.2 95
06-4.7 |10.0-13.9] 10 16 14 123 8.5 5.7 95
15-6 14.0-19.9 | 10 14 12 107 11.9 55 94
15-79 |20-249 |10 14 N/A 96 11.1 4.6 96
0.02-0.5]3.0-59 15 16 N/A 139 15.0 7.9 98
05-18 |6.0-9.9 15 16 N/A 130 13.9 7.3 95
06-4.7 |10.0-139 |15 16 N/A 113 12.7 4.9 94
1-75 140-199 | 15 16 N/A 104 11.6 5.8 94
15-79 |20-249 |15 16 N/A 94 10.9 4.5 93




&Simulated data presented as the geometric mean. Dosing simulations were performed to
optimize dosing in infants and children (2 months to 8 years of age) receiving the boosted dose
of lopinavir/ritonavir (LPV/RTV) in combination with 10 mg/kg daily rifampicin and the World
Health Organization (WHO) revised rifampicin dosing recommendations of 15 mg/kg daily
rifampicin.?

We simulated 100 virtual subjects per WHO simplified weight bands (3-5.9 kg, 6-9.9 kg, 10-13.9
kg, 14-19.9 kg, and 20-24.9 kg), and targeted weight based dosing for boosted LPV/RTV (1:1
ratio) that would achieve > 85% of virtual infants and children achieving LPV trough values
greater than 1 mg/L. The physiologically-based pharmacokinetic (PBPK) model simulated
results were also compared with suggested dosing obtained from a population PK (PopPK)
model developed using data from HIV-infected adults and children with and without tuberculosis
receiving LPV/RTV with or without rifampicin.>®

Abbreviations: LPV: lopinavir; RTV: ritonavir: BID: BID: PO: PO administration; AUCo.t: area
under the concentration vs. time curve from 0 to tau (0 to 12 hours) at steady-state: Cmaxss:
maximum concentration at steady-state: Cmin,ss: minimum concentration at steady-state; N/A: not

available; PBPK: physiologically-based pharmacokinetic; PopPK: population pharmacokinetic.
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3.6 Figures
Figure 3.1: Population simulations of lopinavir and ritonavir (400/100 mg) concentration vs.

time profiles at steady-state following oral administration twice daily in HIV-infected and
healthy adults.
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Population simulations for lopinavir (A) and (B) and ritonavir (C) and (D) based on 100 virtual
white American subjects (50% female) from 25 to 47 years of age receiving 400/100 mg
lopinavir/ritonavir orally BID for two weeks. The 90% prediction interval is shown as a solid
grey region and the geometric mean is shown as a solid black line. Observed data for lopinavir
and ritonavir in HIV infected subjects with plasma samples collected over 12 hours between
study weeks 2 and 4%%% (B and D) and in healthy adults with plasma samples collected on day

113 (A and C) are presented as dots with color stratified by individual. The average fold error,
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calculated using the equation with the simulated geometric mean 10(1/m 2 log(simulated/observed)

was 0.90 for lopinavir and 1.42 for ritonavir for both healthy and HIV infected subjects.
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Figure 3.2: Population simulations of rifampicin concentration vs. time profiles following oral
administration of 450 and 600 mg twice daily on day 1 (A and B) and at steady-state (C and D),
respectively, in TB positive adults.
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Population simulations for rifampicin in 100 Black American virtual adults (34% female) from
18 to 63 years of age receiving 450 mg (A and C) and 600 mg (B and D) oral daily rifampicin for
2 weeks. The 90% prediction interval is shown as a solid grey region and the geometric mean is
shown as a solid black line on day 1 (A and B) and after two weeks of daily dosing (C and D).
Observed data are presented as dots with color stratified by individual.° In this study, patients
with newly diagnosed pulmonary tuberculosis (TB) received rifampicin at 450 mg PO BID
(body weight < 50 kg) or 600 mg PO BID (body weight > 50 kg) in combination with isoniazid,

pyrazinamide, and ethambutol as fixed dose combination tablets.*® Three venous blood samples
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were taken per patient after the first dose (pre-induced date) and then repeated after
approximately 28 days (induced state). The average fold error, calculated using the equation

with the simulated geometric mean 10(1/m)(&log(simulated/observed)) '\ya5 1 05 for adults

receiving 450 mg daily rifampicin and was 1.44 for adults receiving 600 mg daily rifampicin.
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Figure 3.3: Population simulations of lopinavir and ritonavir concentration vs. time profiles
following oral liquid administration (120/30 mg lopinavir/ritonavir) twice daily in HIV-infected
children <2 years of age for 2 weeks.
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Population simulations for lopinavir (A) and ritonavir (B) based on 100 virtual white American
infants and children (50% female) from 0.115 to <2 years of age receiving the liquid formation
of lopinavir/ritonavir (120/30 mg) oral twice daily. The 90% prediction interval is shown as a

solid grey region and the geometric mean is shown as a solid black line. Observed data

(normalized to 120/30 mg for lopinavir and ritonavir) in HIV-infected children from 0.115 to <2
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years of age are presented as dots with color stratified by individual.*® The average fold error,
calculated using the equation with the simulated geometric mean 10(1/m 2 log(simulated/observed)
was 1.64 for lopinavir and 0.68 for ritonavir. Abbreviations: HIV: human immunodeficiency

virus.
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Figure 3.4: Population simulations of lopinavir and ritonavir concentration vs. time profiles
following oral tablet administration (160/40 mg lopinavir/ritonavir) twice daily in HIV-infected
children from 2 to <6 years of age for 2 weeks.
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Population simulations for lopinavir (A) and ritonavir (B) based on 100 virtual white American
children (50% female) from 2 to <6 years of age receiving the tablet formation of
lopinavir/ritonavir (160/40 mg) orally twice daily. The 90% prediction interval is shown as a

solid grey region and the geometric mean is shown as a solid black line. Observed data
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(normalized to 160/40 mg dose of lopinavir/ ritonavir) in HIVV-infected children from 2 to <6

years of age are presented as dots with color stratified by individual.*> The average fold error,

calculated with the simulated geometric mean using the equation 10(1/m) Zlog(simulated/observed)
was 1.25 for lopinavir and 1.58 for ritonavir. Abbreviations: HIV: human immunodeficiency

virus.
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Figure 3.5: Population simulations of lopinavir and ritonavir concentration vs. time profiles
following oral administration (200/50 mg lopinavir/ritonavir) twice daily in HIV-infected
children from 6 to <12 years of age for 2 weeks.
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Population simulations for lopinavir (A) and ritonavir (B) based on 100 virtual white American
children (50% female) from 6 to <12 years of age receiving the tablet formation of
lopinavir/ritonavir (200/50 mg) orally twice daily. The 90% prediction interval is shown as a

solid grey region and the geometric mean is shown as a solid black line. Observed data
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(normalized to a 200/50 mg dose of lopinavir/ritonavir) in HIV infected children from 6 to <12
years of age are presented as dots with color stratified by individual.*® The average fold error,
calculated with the simulated geometric mean using the equation

10(1/m (X log(simulated/observed)) '\yas 1.46 for lopinavir and 1.32 for ritonavir. Abbreviations:

HIV: human immunodeficiency virus.
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Figure 3.6: Population simulations of lopinavir and ritonavir concentration vs. time profiles
following oral administration (400/100 mg) twice daily in HIV-infected adolescents from 12 to
<18 years of age for 2 weeks.
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Population simulations for lopinavir (A) and ritonavir (B) based on 100 virtual white American
adolescents (50% female) from 12 to <18 years of age receiving the tablet formation of
lopinavir/ritonavir (400/100 mg) orally twice daily. The 90% prediction interval is shown in

solid grey and the geometric mean is shown as a solid black line. Observed data for lopinavir and
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ritonavir in HIV infected adolescents from 12 to <18 years of age are presented as dots with
color stratified by individual.*® The average fold error, calculated using the equation
10(1/m (X log(simulated/observed)) '\vas 1.94 for lopinavir and 1.62 for ritonavir. Abbreviations:

HIV: human immunodeficiency virus.
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Figure 3.7: Population simulations of the rifampicin concentration vs. time profiles for 10 mg/kg
oral daily for 2 weeks in pediatric patients from 2 months to 12 years of age.
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Population simulations for rifampicin in Black American virtual subjects (50% female) from 2 to
< 6 months (A), 0.5 to <2 years of age (B), 2 to <6 years of age (C), and 6 to 12 years of age (D).
The 90% prediction interval is shown as a solid grey region and the geometric mean is shown as
a solid black line. Observed data for rifampicin was collected in children after > two weeks of
initiating treatment with rifampicin as part of the dispersible fixed dose combination with
pyrazinamide and isoniazid.*® Plasma concentration data for rifampicin were normalized to 10
mg/kg, and concentration data is presented as a color for each individual. The average fold error,

calculated with the geometric mean using the equation 10(1/m X log(simulated/observed)) ‘a5
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1.02, 0.82, 1.25, and 0.96 for 2 to < 6 months, 0.5 to <2 years of age, 2 to <6 years of age, and 6

to 12 years of age, respectively.
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Figure 3.8: Simulated lopinavir and ritonavir area under the concentration vs. time curve (AUC)
from 0 to 12 hours at steady-state in the presence and absence of rifampicin in virtual adults,
infants, and children.
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Population simulations were performed in 100 virtual infants and children (0.5 to 4.5 years of
age) and 100 virtual adults (22 to 70 years of age) for lopinavir/ritonavir (LPV/RTV) with and
without rifampicin. (A) Boxplots for lopinavir area under the concentration vs. time curve
(AUC) from 0 to 12 hours at steady state. (B) Boxplots for ritonavir AUC at steady state from 0

to 12 hours. Data were stratified by adults (orange) and children (blue). The simulated dosing
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regimens in adults were: 400/100 mg LPV/RTYV orally (PO) BID (standard dose with no
rifampicin (RIF)); 400/100 mg LPV/RTV PO BID with 600 mg PO daily rifampicin (standard
dose with RIF); 400/400 mg LPV/RTV PO BID with 600 mg PO daily rifampicin (boosted dose
with RIF); and 800/200 mg LPV/RTV PO BID with 600 mg PO daily rifampicin (double dose
with RIF). The simulated dosing regimens in children were: 230/57.5 mg/m? LPV/RTV PO BID
(standard dose no RIF); 230/57.5 mg/m? LPV/RTV PO BID with 10 mg/kg PO daily rifampicin
(standard dose with RIF); 230/230 mg/m? LPV/RTV PO BID with 10 mg/kg PO daily rifampicin
(boosted dose with RIF); 460/115 mg/m? mg LPV/RTV PO BID with 10 mg/kg PO daily
rifampicin (double dose with RIF). The boxplots display the median (inter-quartile range), the
upper whisker is the 75" percentile to 1.5 times the inter-quartile range, the lower whisker is the
25" percentile minus 1.5 times the inter-quartile range, and observations outside the whiskers are

represented as black dots.
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CHAPTER 4 : LEVERAGING PHYSIOLOGICALLY BASED PHARMACOKINETIC
MODELING AND EXPERIMENTAL DATA TO GUIDE DOSING MODIFICATION OF
CYP3A MEDIATED DRUG-DRUG INTERACTIONS IN PEDIATRIC PATIENTS
USING SOLITHROMYCIN AS A CASE STUDY!

4.1 Introduction

Per the U.S. Food and Drug Administration (FDA) guidance, drug developers must
perform in vitro studies to evaluate drug-drug interaction (DDI) potential for an investigational
drug product.! The FDA recommends routinely evaluating cytochrome P450 (CYP) 1A2,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A4/5 towards metabolism of the
investigational drug, as well as the potential for inhibition of these drug-metabolizing enzymes in
both a reversible and time-dependent manner. Relevant in vitro results can be incorporated
within static and dynamic models, such as physiologically-based pharmacokinetic (PBPK), to
inform the need for and to guide the design of clinical DDI studies.! Clinical DDI studies are
typically performed in healthy adults; however, such studies are not routinely performed in
pediatric patients for ethical and practical reasons. It is often assumed that DDI potential is the
same in pediatric patients as in healthy adults. However, DDI potential may differ in young
children relative to adults due to developmental changes in drug metabolizing enzymes and
transporters. PBPK modeling can account for these developmental changes and can predict DDI

potential when pediatric DDI are unavailable. The objective of this study is to develop a

IPart of this work has been published as an original publication by Salerno SN, Edginton A, Cohen-Wolkowiez M,
Hornik CP, Watt KM, Jamieson BD, and Gonzalez D. Development of an Adult Physiologically Based
Pharmacokinetic Model of Solithromycin in Plasma and Epithelial Lining Fluid. CPT Pharmacometrics Syst.
Pharmacol. 2017; 6: 814-822
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framework for leveraging PBPK modeling to predict metabolic DDI potential in pediatric
patients and guide dose adjustments during drug development using solithromycin as a case
study.

Solithromycin is a novel fluoroketolide antibiotic that is both a substrate and time-
dependent inhibitor of cytochrome P450 (CYP) 3A4 and thus inhibits its own metabolism.
Metabolism experiments using pooled human liver microsomes, CYP450 selective inhibitors,
and single cDNA expressed CYP450s demonstrated that CYP3A4 is the major CYP450 enzyme
responsible for the metabolism of solithromycin (sponsor data on file). Using pooled human liver
microsomes with midazolam as the CYP3A substrate, solithromycin was reported to be a potent
CYP3A time-dependent inhibitor with an inactivation rate constant (Kinact) of 0.022 min™ and a
concentration of half-maximal inactivation (K) of 0.038 pg/mL.2 However, recombinant studies
with CYP3A4, CYP3A5, and CYP3A7 were not performed. Solithromycin is also a P-
glycoprotein substrate with an efflux ratio above 10 in Caco-2 cells, which reduced to unity in
the presence of inhibitors (10 uM PSC833 and 60 UM verapamil) (sponsor data on file).
Solithromycin undergoes biliary and urinary excretion with 76.5% and 14.1% of the dose
recovered in feces and urine, respectively.® We previously developed a PBPK model for
solithromycin in adults but it did not include CYP3A7, which may be important for predicting
DDl potential in infants. Therefore, we conducted metabolism and time-dependent inhibition
parameters for CYP3A4, CYP3AD5, and CYP3A7 and incorporated these parameters into an adult
and pediatric PBPK model for solithromycin to characterize DDI potential across the pediatric

age continuum.

Solithromycin [oral (PO) regimen: 800 mg on day 1 followed by 400 mg on days 2-5 and

switching from 400 mg intravenous (1V) daily to the PO regimen] was non-inferior to
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moxifloxacin for patients with moderately severe community acquired bacterial pneumonia
(CABP).*° However, solithromycin was not approved by the FDA due to concerns of
hepatotoxicity since more patients receiving IV to PO solithromycin experienced transient
asymptomatic transaminitis.® Phase 2 studies in healthy adult volunteers have been performed to
assess the DDI potential of solithromycin as a CYP3A inhibitor with midazolam, as well as to
assess the impact of the strong CYP3A inhibitor, ketoconazole, on the pharmacokinetics (PK) of
solithromycin. In addition, a phase 1 study was conducted in adolescents with suspected or
confirmed bacterial infection receiving PO capsules of solithromycin [12-mg/kg of body weight
(800 mg maximum) on day 1 and 6 mg/kg (400 mg maximum) on days 2 to 5].” A follow-up
phase 1, open-label, multicenter PK and safety study was conducted in children (0-17 years) with
suspected or confirmed bacterial infection receiving IV and PO (capsules and suspension)
solithromycin as add-on therapy.® Using solithromycin as a case study, we will present a
guideline for conducting and integrating relevant experimental studies into adult and pediatric

PBPK models to predict pediatric CYP3A mediated DDI potential during drug development.

4.2 Materials and Methods
4.2.1 High Performance Liquid Chromatography-Tandem Mass Spectrometry Analysis

High performance liquid chromatography with tandem mass spectrometry
(HPLC/MS/MS) assay was developed for 63-hydroxytestosterone and the internal standard, 4-
androsten-19-1al 3,17-dione [Sigma-Aldrich (St. Louis, MO)]. The lower limit of quantification
for the 6B-hydroxytestosterone assay was 1 UM. The coefficients of variation (CV) for the
intraday and interday precision was 11% and 7%, respectively.® Solithromycin was provided at
no cost by Melinta Therapeutics, Inc. A Thermo TSQ Quantum Ultra triple-quadrupole mass

spectrometer and Waters (Milford, MA) Acquity Ultra Performance Liquid Chromatography
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CSH C18 (1.7 pm, 3 mm x 100 mm) column was used for the solithromycin assay with
roxithromycin [Sigma-Aldrich (St. Louis, MO)] as the internal standard. An isocratic mobile
phase consisted of 2% of 10 mM ammonium bicarbonate and 98% methanol delivered at 350
pL/min for 5 minutes. Calibration standard concentrations (1, 3.3, 10, 33, 100, 333, 1000, and
3333 nM solithromycin plus 0.5 uM roxithromycin) prepared in the same buffer as the
experimental samples were used for method validation. A positive mode electrospray ionization
was used. Solithromycin and roxithromycin eluted at 2.1 and 3.6 minutes, respectively. The
precursor to product ions monitored with corresponding collision energies were 845.3 to 115.8
(36 V), 158.0 (35 V), 656.3 (34 V), 670.3 (29 V), and 688.3 (25 V) for solithromycin and 837.5
to 116.1 (35 V), 158.1 (32 V), and 679.6 (19 V) for roxithromycin. The lower limit of
quantification for the solithromycin assay was 1 nM. The mean (range) accuracy was -5% (-15%
to 11%). The mean (range) intra-day and inter-day CV was 7% (1% to 14%) and 12% (6 to
18%), respectively.
4.2.2 Time-dependent Inhibition of CYP3A Using Recombinant Enzymes

Testosterone was purchased from Sigma-Aldrich (St. Louis, MO, USA). Human
CYP3A4, CYP3A5, and CYP3AT + reductase +b5, 0.5 M phosphate buffer, pH 7.4, and
NADPH Regenerating System Solutions A and B were all purchased from Corning Life Sciences
(Corning, NY, USA). Experiments were first performed to determine linear 6f3-
hydroxytestosterone formation.® Time-dependent inhibition experiments for determination of K|
and Kinact Were performed in triplicate on two different days. CYP3A4 and CYP3AS5 (200
pmol/mL) were pre-incubated with solithromycin (0, 0.3, 3, 9, 15, 30, and 300 pg/mL) at 37°C
for 5 minutes in 100 mM potassium phosphate pH 7.4 (200 pL reaction volume). For CYP3A7,

400 pmol/mL of CYP3A7 was pre-incubated with solithromycin (0, 30, 90, 150, 300, and 900

173



pg/mL). The reactions were initiated by the addition of NADPH Regenerating System Solutions
A and B at a dilution of 1:20 and 1:100, respectively. After 0, 2.5, 5, 10, 15, and 30 minutes for
CYP3A4 and CYP3A5 and 0, 5, 15, 30, 45, and 60 minutes for CYP3A7, 10 uL aliquots were
diluted 10 fold into 90 L of fresh buffer containing 100 mM potassium phosphate pH 7.4 and
NADPH regenerating system plus 250 UM testosterone. The secondary reactions were incubated
at 37°C for 5 minutes for CYP3A4 and CYP3A5 and 30 minutes for CYP3A7, and then
reactions were stopped by a 1:4 dilution into ice cold acetonitrile containing 0.5 UM 4-androsten-
19-1al 3,17-dione. The samples were centrifuged at 3500 rpm for 10 minutes at 4 degrees, and
the supernatant was removed, and 6B-hydroxy-testosterone was measured to estimate remaining
enzymatic activity.

To determine the K; and Kinact, first, the percent activity remaining was calculated
according to Equation 1, where Ainactivator IS the enzymatic activity of the inactivator, Avenicle IS the
enzymatic activity of the vehicle control, To, nappH is the O min pre-incubation time, and Tmin,

NADPH iS the pre-incubation measured at different time intervals.°

Equatlon 1 % aCtiVity — 100 X [(AnaCtivator

i Ainactivator
) at To,NappH - (— ) at Tmin, NADPH]
Avehicle A

vehicle

The natural log of the percent activity remaining was plotted against pre-incubation time,
and the negative slope, which is the pseudo first-order rate constant of inactivation (Kobs), was
determined using linear regression within GraphPad® Prism version 8 (GraphPad Software, San
Diego, CA). Finally, the Kons was determined for solithromycin by performing nonlinear
regression in GraphPad® Prism version 8 according to equation 2, where 1 is the inactivator
concentration (solithromycin).

Kinaet x [I]

Equation 2: Kops = K
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4.2.3 Solithromycin CYP3A in vitro Metabolism Using Recombinant Enzymes

Pilot experiments were first performed to determine the linear range of disappearance of
solithromycin. CYP3A4 and CYP3AS5 (60 pmol/mL) were incubated with 1 pM solithromycin in
100 mM potassium phosphate pH 7.4 plus NADPH Regenerating System Solutions A and B at a
dilution of 1:20 and 1:100, respectively, for 0, 2, 5, 10, 15, 30, and 60 minutes. CYP3A7 (100
pmol/mL) was incubated with 1 uM and 10 puM of solithromycin for 0, 5, 10, 15, 20, 30, and 60
minutes. CYP3A7 (100 pmol/mL) was also incubated with 250 pM testosterone for 0, 15, 30,
and 60 minutes as a positive control. The reactions were stopped by a 1:5 dilution into ice-cold
methanol containing 0.5 uM roxithromycin (or acetonitrile containing 0.5 uM 4-androsten-19-
lal 3,17-dione), centrifuged at 3500 rpm for 10 minutes at 4 degrees, and solithromycin and 6f-
OH-testosterone were measured in the supernatant by HPLC/MS/MS.

Metabolism experiments for determination of the maximal velocity (Vmax) and the
concentration at half the maximal velocity (Kwm) were performed in triplicate on three different
days. CYP3A4 and CYP3AS5 (60 pmol/mL) were pre-incubated with solithromycin (0.005, 0.01,
0.05,0.1,0.25,05,1, 2, 3,4, 5 uM for CYP3A4 and 0.01, 0.05, 0.1, 0.25,0.5, 1, 2, 3, 4, 5, 10,
30 uM for CYP3AD5) at 37°C for 5 minutes in 100 mM potassium phosphate pH 7.4 plus
NADPH Regenerating System Solutions A and B at a dilution of 1:20 and 1:100, respectively
(200 pL reaction volume). The third experiment for CYP3AS5 was conducted at higher
concentrations (30, 50, 100, 500 1000, 3700 uM) to further characterize the Vmax. The reactions
were initiated by the addition of 12 pL (12 pmol) Corning® Supersomes™. Samples were
collected at 0 minutes and 2 minutes for CYP3A4 and 15 minutes for CYP3A5. Reactions were
stopped by a 1:2 to 1:1000 dilution into ice-cold methanol in order to ensure concentrations were

within the assay range from 1 to 3333 nM). The samples were centrifuged at 3500 rpm for 10
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minutes at 4 degrees, and the supernatant was removed, and then evaporated to remove the
methanol. Samples were re-suspended in 98% methanol and 2% of 10 mM ammonium
bicarbonate containing 0.5 uM roxithromycin and analyzed by HPLC/MS/MS. Solithromycin
metabolite formation was calculated by subtraction of concentrations at the final time from the
initial time. Finally, the Km and Vmax Were determined by non-linear regression in GraphPad
Prism 8 using the Michaelis-Menten least squares fit using Equation 3 where [S] is solithromycin
concentration.!!

Vimax * [S]

Equation 3: Velocity = — TIS]

4.2.4 Adult Solithromycin PBPK Model Development and Evaluation

A whole body adult PBPK model was developed and evaluated in PK-Sim® (ver 9.0;
Open Systems Pharmacology Suite) using plasma concentration data from 100 healthy subjects
and 22 patients with CABP (1,966 plasma samples) (Table 4.1).2 For model development based
on demographics of the clinical study in healthy adults we used a 44.7-year-old black American
man with a weight of 85.6 kg and a height of 180.9 cm. The model included glomerular
filtration, CYP3A4 and CYP3AS5 metabolism, time-dependent inhibition, P-glycoprotein
transport, and enterohepatic recycling. The relative organ concentrations of P-glycoprotein and
CYP3A were taken from the built-in database query, thereby allowing one set of kinetic
parameters to be used in all organs.!? Based on sponsor data, solithromycin was 78% to 84%
bound in human plasma, primarily to serum albumin, and the extent of protein binding was not
concentration dependent. Therefore, protein binding was mediated through albumin with an
unbound fraction of 0.22. Distribution was best characterized by the Berezhkovsky
algorithm.*31* Lipophilicity and P-glycoprotein Vmax were manually optimized using the 1V data.

Transcellular intestinal permeability and the Weibull PO distribution properties (dissolution time
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of 90 minutes and dissolution shape of 1.50) were manually optimized using the PO data. All

other parameters were obtained from the literature or were experimentally generated (Table 4.2).

Population simulations were performed with 100 virtual Black American subjects with
demographics from study CE01-102 in healthy adults: 27% female with a mean (range) age of
32.9 (20-55) years and a weight of 74.5 (61.4-90.3) kg. Population variability for P-glycoprotein
was introduced using a normal distribution with a 65% coefficient of variation.'® The PBPK
model was evaluated by comparing the maximal concentration (Cmax), area under the
concentration versus time curve extrapolated to infinity (AUCo-.) or during a dosing interval
(AUC,), and clearance (CL) between the observed data and the PBPK model simulations on day
1 and at steady state following multiple daily dosing. The relative accuracy was calculated as a
ratio of mean predicted values over mean observed values with a ratio assessed for the standard

deviation (SD).16-18

sd (predicted) 2 mean (predicted)

mean (predicted) mean (observed)

sd (observed)

mean (observed)

2
Equation 4: Ratio for SD = \/( +(
The average fold error (AFE) was also calculated for each dosing regimen using the simulated

geometric mean according to Equation 5 where n is the sample size:

predicted

1 *
Equation 5: AFE = 10()* Zloe Gty

The pre-defined acceptance criteria for all PK parameters and AFE values were considered to be

within 2-fold (a 0.5 to 2-fold ratio).
4.2.5 Sensitivity Analysis

Sensitivity analysis was performed for a 45 year old male receiving 800 mg PO day 1
followed by 400 mg PO days 2-5. In PK-Sim®, the input parameter (Pi) is varied around the

value in the simulation by a small change and a new simulation is performed keeping all other
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input values constant. The change in the PK parameter estimate (APKj) is calculated as the
difference between the values in the new simulation and the original simulation. The sensitivity
for the PK parameter to the input parameter is calculated as the ratio of the relative change of
that PK parameter (APKj/PKj) and the relative variation of the input parameter (APi/P1):
(APKj/APi)*(Pi/PKj).* Parameters with sensitivity values < -0.5 or > 0.5 were reported for the
steady-state half-life. A sensitivity value -0.5 or 0.5 indicates that a 5% increase of the parameter

leads to a 5% decrease or increase of the PK parameter value, respectively.
4.2.6 Adult Ketoconazole and Midazolam PBPK Model Development and Evaluation

PK data for ketoconazole and midazolam model development and evaluation were
digitized from the literature using Plot Digitizer Version 2.6.8 (Table 4.3). Ketoconazole
undergoes oxidation by CYP3A into its major metabolite (M2) along with five other minor
metabolites (M3, M6, M7, M8, and M13).%° Since parameters were not available to describe
CYP3A4 CL of ketoconazole, the Km and Vmax Were initially obtained from a study describing
voriconazole CYP3A4 CL.% Ketoconazole also undergoes glucuronide conjugation by UDP-
glucuronosyltransferase 1A4 (UGT1A4).2! Protein binding for ketoconazole is concentration
dependent (93% at 50 pug/mL and 91% at 25 pg/mL based on equilibrium dialysis), which may
contribute to the non-linear kinetics for ketoconazole.?>?® Ketoconazole also binds to blood cells
resulting in ~1% free drug in plasma.?>?* Therefore, protein binding to aloumin was manually
optimized based on the administered dose, and CYP3A4 Vmax and UGT1A4 Vmax Were
optimized using parameter optimization (Table 4.2). The Poulin and Theil method was used to
calculate partition coefficients and the charge dependent Schmitt normalized to PK-Sim® method
was used to calculate cellular permeability.}*? Population simulations based on 100 virtual

subjects (white American population from 18 to 46 years of age) receiving 100, 200, 400, and
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800 mg PO ketoconazole were performed and were evaluated by visually comparing the
simulated mean and associated 90% prediction interval with the observed data from the
literature. The mean simulated and observed area under the curve to 8 hours (AUCo.g) or area
under the curve extrapolated to infinity (AUCo.-»), and the maximal concentration (Cmax) were
also compared, with a two-fold ratio (0.5 to 2) considered acceptable. CYP3A4 competitive
inhibition was included based on the formation of 1’-hydroxymidazolam in human liver
microsomes from four human donors.?® CYP3AS5 non-competitive inhibition was included based
1’-hydroxymidazolam formation in c-DNA expressed CYP3A5 microsomal preparations.?’ P-
glycoprotein inhibition was included based on a PBPK model that estimated the in-vivo
inhibition constant (K;) for renal P-glycoprotein to describe the clinical DDI between

ketoconazole and fesoterodine in healthy adult subjects.?®

The adult PBPK model for midazolam included key drug properties described in Table
4.2. Protein binding is approximately 97% to human plasma albumin in adults as well as
pediatric patients greater than 1 year of age. Studies in human liver microsomes indicate the
midazolam is primarily metabolized by CYP3A4.2%3 Lipophilicity and transcellular intestinal
permeability were optimized using both the 1V and PO data with the Monte Carlo algorithm.
Partition coefficients were calculated using the Rodgers and Rowland method and cellular
permeability was calculated using the PK-Sim® Standard method.*3! Population simulations
based on 100 virtual subjects (white American population from 18 to 46 years of age) receiving a
2 mg IV infusion over 30 minutes and 15 mg PO midazolam were performed and visually
compared with observed data. The simulated versus observed mean AUCo... and Cmax Were also
compared, with a two-fold range considered acceptable. To validate ketoconazole as a CYP3A

inhibitor, we simulated the CYP3A mediated DDI between ketoconazole and midazolam in
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adults and compared with observed data obtained in the literature from clinical studies (Table
4.4).
4.2.7 Solithromycin DDI Predictions in Healthy Adult VVolunteers

The solithromycin and midazolam PBPK models were co-modeled based on the
previously described drug properties, which included CYP3A4 and CYP3AS5 time-dependent
inhibition (Table 4.2). Healthy adults (21 to 54 years of age) received PO solithromycin (400 mg
on days 3-7 in one period and 800 mg day 3 followed by 400 mg on days 4-7 in another period)
in combination with PO midazolam 0.075 mg/kg given on days 1, 3, and 7 of each period
(sponsor data on file). Simulations were also performed and compared with observed data in
healthy adults receiving solithromycin in combination with ketoconazole incorporating CYP3A4
and CYP3ADS time-dependent inhibition by solithromycin, in addition to CYP3A4 and P-
glycoprotein reversible inhibition by ketoconazole (Table 4.2). Healthy adults (23 to 54 years of
age) received a single PO dose of solithromycin (400 mg on day 1), a 5-day washout period, 4
days of PO ketoconazole (400 mg alone on days 7-10), and then 400 mg PO solithromycin plus
ketoconazole on day 11. We calculated the geometric mean ratio for Cmax and AUCo-. along with
the associated 90% confidence interval for the drug combinations (solithromycin plus
ketoconazole or solithromycin plus midazolam) relative to solithromycin or midazolam alone.
4.2.8 Pediatric PBPK Model Development and Evaluation

A virtual 32-year-old white male was scaled to a virtual 7.56 year old child based on the
mean pediatric solithromycin data using anthropomorphic and ontogeny functions. Ontogeny
functions were included for all relevant enzymes involved in solithromycin, midazolam, and
ketoconazole drug disposition. The PK-Sim® ontogeny functions for CYP3A4 and uridine

diphosphate glucuronosyltransferase family 1 member A1 (UGT1AL1) in the liver were based on
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post-menstrual age (PMA) in weeks (Equations 6 and 7). CYP3ADS5 has an ontogeny factor of 1
across all ages due to the high variability of the data and the inability to fit an ontogeny function.
P-glycoprotein expression was calculated as a function of age and then normalized to mean adult
expression based upon data quantified using 69 human pediatric and 41 adult livers (Equation
8).32 Protein binding to albumin was scaled according to the default ontogeny factor within PK-
Sim® (Equation 9).

PMA3.331

Equation 6: CYP3A4 ontogeny factor = TSRS YyERES

PMA20.67
50.754°0-67pMA 2007

Equation 7: UGT1A1 ontogeny factor =

0.41 + Age®78

Equation 8: P-glycoprotein expression (fmol/ug) at age (years) = 0.15 + 294075 5 Age07s

PMA324
21.533324pMA32

Equation 9: Albumin ontogeny factor =

The solithromycin pediatric PBPK model was evaluated using a total of 684 plasma
samples available from 96 pediatric patients ranging from 4 days to 17.9 years after excluding 96
samples below the lower limit of quantification. These data were derived from two phase 1
studies, the first of which was conducted in adolescents with suspected or confirmed bacterial
infection receiving PO capsules of solithromycin [12-mg/kg of body weight (800 mg maximum)
on day 1 and 6 mg/kg (400 mg maximum) on days 2 to 5].” A follow-up phase 1, open-label,
multicenter PK and safety study was conducted in children (0-17 years) with suspected or
confirmed bacterial infection receiving IV and PO (capsules and suspension) solithromycin as
add-on therapy.® A virtual population of 100 pediatric subjects (4 days to 17.9 years of age) was
used for model evaluation. Pediatric simulations were performed for these 100 virtual pediatric

subjects receiving 1V, PO suspension, and PO capsules of solithromycin, and the AFE was

calculated for each dosing regimen stratified by age cohort (0 to <2, 2 to <6, 6 to <12, and 12 to
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<18 years) using the simulated arithmetic mean. The solithromycin PO suspension was modeled
as a solution (e.g. instantaneous dissolution), while the PO capsules were modeled using the
Weibull function as fit using the adult data. Solithromycin plasma concentration data were
normalized by dose and time relative to the last drug administration since dose because
administration differed slightly for each individual. We also compared weight normalized CL
values from the PBPK simulation to the individual empirical Bayesian post-hoc parameter
estimates based on a published population PK (PopPK) model developed using plasma data from
these same 96 children. The PopPK model was a 2-compartment model with linear elimination
and first-order absorption with a PO absorption lag time. Significant covariates included weight
and a sigmoidal maturation function for PMA on CL and weight on the volume of distribution
(V). Modeling time-dependent inhibition did not improve the model fits in these pediatric
patients.®

Individual level concentration-time PK data were not available for pediatric patients
receiving ketoconazole, so simulated PK parameters were compared with observed PK
parameters in children receiving PO ketoconazole from the literature. Population simulations
were performed for 100 virtual subjects (5 months to 14 years) receiving 9 mg/kg PO
ketoconazole daily for 2 weeks, and the Cmax and the daily steady-state AUC steady-state (AUCo.
245s) Was compared with data from 26 children with candidiasis who received an average (range)
daily dosage of PO ketoconazole of 9 (6-13) mg/kg.3*** Population simulations were also
performed for 100 virtual subjects from 2 to 12.5 years of age receiving a single 5 mg/kg
suspension, and the Cmax and AUCo.. was compared with 12 children with PO candidiasis and

superficial dermatophytoses whom received 5 mg/kg ketoconazole suspension.® The
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transcellular intestinal permeability for ketoconazole was decreased to 2*10™* cm/min (fraction

absorbed of 0.80) in order to capture the observed AUC and Cmax in pediatric patients.

Population simulations for midazolam were performed for 100 virtual subjects with
similar ages, doses, and formulations as described in the study population reported in the
literature (Table 4.3). The midazolam pediatric PBPK model was evaluated by comparing the CL
and V to values reported in pediatric patients from 2 days to 16.2 years receiving IV
midazolam.**-38 We also compared the AUCo-. and Cmax to values reported in pediatric patients
from 0.5 to <16 years receiving a single PO dose (0.25 mg/kg, 0.5 mg/kg, and 1.0 mg/kg) of
midazolam.3” Acceptance criteria was for the simulated CL, V, AUCo-. and Cmax to be within 0.5
to 2-fold of the observed PK parameters.

4.2.9 Solithromycin Plus Midazolam Pediatric Simulations

Since the inhibitor concentration influences the magnitude of the DDI, we simulated IV
doses (60 minute infusion) for solithromycin from ages from 1 month to 17 years of age that
achieved similar AUCo-24s as the simulated healthy adult population receiving 400 mg IV daily
(400 mg maximum). Since there were only two neonates who received solithromycin, we
decided to focus on term infants > 1 month of age. Dosing simulations were performed for 500
virtual subjects in each age group (1 month to < 6 months, 6 months to < 2 years, 2 years to < 6
years, 6 years to < 12 years, 12 to 17 years of age, and 18 to 65 years of age. Midazolam dosing
was based upon the recommended IV starting dose in the package insert for sedation, anxiolysis,
and amnesia prior to procedure in pediatric patients > 6 months and healthy adults < 60 years of
age, as well as the loading dose for sedation/anxiolysis/amnesia in critical care settings for non-
neonatal infants between 1 and 6 months.?>3® We simulated a single dose of midazolam

administered alone (day 1) and on the last day of solithromycin daily dosing for 5 days (day 6).

183



The geometric mean ratio and associated 90% confidence interval for midazolam AUCo-. and

Cmax Were calculated for midazolam plus solithromycin relative to midazolam alone.
4.2.10 Solithromycin Plus Ketoconazole Pediatric Simulations

Ketoconazole PO dosing in pediatric patients > 2 years and adults was based upon
recommendations in the package insert: 3.3 mg/kg once daily (200 mg maximum) and 200 mg
PO once daily, respectively.3*4° Given the lack of information in children < 2 years of age, we
simulated ketoconazole dosing in this population that would result in similar AUCo-24,5s as the
simulated children and adults receiving 3.3 mg/kg or 200 mg PO daily, respectively.
Solithromycin 1V dosing in pediatric patients (60 minute infusion) were used that achieved
similar AUC2ass as in observed and simulated healthy adults receiving 400 mg IV daily (400 mg
maximum). We simulated solithromycin administered IV alone for 5 days and after 5 days of
dosing in combination with PO ketoconazole. The geometric mean ratio and associated 90%
confidence interval for solithromycin AUCo-24,ssand Cmax at steady-state (Cmax,ss) were calculated
for solithromycin plus ketoconazole administered concurrently for 5 days relative to

solithromycin administered alone for 5 days.
4.3 Results
4.3.1 Time-Dependent Inhibition of CYP3A Using Recombinant Enzymes

The time-dependent inhibition parameters (Kinact and Ki) for CYP3A4 and CYP3AS5 are
presented in Table 4.5 and in Figure 4.1 and Figure 4.2. CYP3A7 was not a significant time-
dependent inhibitor at concentrations up to 150 pg/mL for pre-incubation times up to 60 minutes

(Figure 4.3). Reversible inhibition of CYP3A7 was observed at solithromycin concentrations

concentrations >300 pg/mL., but time-dependent inhibition was not observed (Figure 4.3).
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Pre-incubation times beyond 60 minutes could not be explored because of the loss of
recombinant enzyme activity associated with longer incubation times. Additionally, greater
dilutions could not be implemented since the maximum quantity of CYP3A7 was added in the
pre-incubation reaction and the remaining velocity was approaching the lower limit of detection
for 6p3-hydroxy-testosterone. Therefore, CYP3A7 time-dependent inhibition parameters could
not be generated and was deemed clinically insignificant, for solithromycin.

4.3.2 Solithromycin CYP3A in vitro Metabolism Using Recombinant Enzymes

Pilot experiments demonstrated that CYP3A4 and CYP3ADS solithromycin metabolite
formation, assessed by disappearance of solithromycin, was in the linear stage up to 10 and 60
minutes, respectively. Kinetic parameters could not be determined for CYP3A7, since no
disappearance of solithromycin was detected up to 60 minutes for 1 uM and 10 pM
solithromycin (Figure 4.4). Michaelis-Menten kinetic parameters for CYP3A4 and CYP3A5 are
presented in Table 4.5, Figure 4.5 and Figure 4.6. For CYP3AD5, the Vmax could not adequately be
assessed because of the high Km and the influence of time-dependent inhibition at concentrations
> 30 uM (Figure 4.6 and Table 4.5).
4.3.3 Adult PBPK Model Evaluation

The final model parameters for solithromycin, ketoconazole, and midazolam are shown
in Table 4.2. The solithromycin PBPK model was evaluated using concentration-time data from
100 healthy subjects and 22 patients with CABP (1,966 plasma samples) from phase 1 and phase
2 studies (Figure 4.7 and Figure 4.8). The simulated PK parameters (Cmax and AUC. were all
within two-fold of the observed values except for the 200 mg PO day 1 Cmax and the 600 mg PO
day 7 AUC; (Table 4.6). Similarly, the day 1 and day 7 CL and CL divided by bioavailability

(CL/F) were all within two-fold of observed values except for the 200 mg PO day 1 CL/F (Table
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4.7). Furthermore, the AFE values were all within 2-fold of observed values for all dosing
regimens administered (Table 4.8).

Ketoconazole population simulations were performed in virtual adults receiving single
PO doses (100, 200, 400, and 800 mg) of ketoconazole and visually compared with digitized
mean observed data in healthy adults (Figure 4.9). Ketoconazole population simulations were
also performed in virtual adults receiving 200 mg PO daily and 400 mg PO daily multiple dosing
administration and resulted in reasonable agreement with the digitized mean data observed in
healthy adults (Figure 4.10). Furthermore, the simulated versus observed AUCo.g and Cmaxin 10
adult patients with fungal disease receiving a single 100 mg dose of ketoconazole were 5.30
versus 5.73 pg*h/mL and 1.70 versus 1.60 pg/mL, respectively.** The simulated versus observed
AUCo.. reported in healthy volunteers receiving a single dose of 200 mg and 400 mg
ketoconazole were 23.84 versus 17.55 pg*h/mL and 47.8 versus 40.9 pg*h/mL, respectively.*?
The simulated versus observed Cmax in healthy volunteers receiving a single dose of 200 mg
ketoconazole was 5.04 versus 3.60 pg/mL and for a single 400 mg dose of ketoconazole was
10.1 versus 6.5 pg/mL, respectively.> Midazolam population simulations were performed for a
single dose of 15 mg PO and a single 2 mg IV (30 minute infusion) and resulted in reasonable
agreement with the digitized mean data observed in healthy adults (Figure 4.11). Furthermore,
the simulated versus observed mean AUCo.. and Cmax for 15 mg PO midazolam (one hour post
meal) were 184 versus 184 ng*hr/mL and 41 versus 48 ng/mL, respectively, based on a study
conducted in 18 healthy volunteers.*® Additionally, the simulated versus observed mean AUCo-»
and Cmax for 2 mg IV midazolam were 69.61 versus 84.76 ng*hr/mL and 48.40 versus 45.68

ng/mL, respectively, based on a study in 27 healthy adult volunteers.**
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4.3.4 Adult Solithromycin DDI Predictions in Healthy Volunteers

The geometric mean ratio (90% confidence interval) for Cmax and AUCo... for PO
midazolam (0.075 mg/kg) plus PO solithromycin (400 mg daily for 5 days or 800 mg day 1
followed by 400 mg daily for 4 days) relative to PO midazolam alone were similar between the
simulations and the observed data collected from phase 1 studies in healthy adult volunteers
(Table 4.9). Furthermore, the geometric mean ratio (90% confidence interval) for Cmax and
AUC,. following a single dose of 400 mg PO solithromycin with 5 days of PO ketoconazole
dosing relative to a single dose of 400 mg PO solithromycin alone were comparable between the
simulations and the observed data (Table 4.9). The mean simulated versus observed fold ratios

for Cmax and AUCo.. were all within 0.75 to 1.25-fold (Table 4.9).
4.3.5 Sensitivity Analysis

The most sensitive parameters for the steady-state half-life in an adult receiving the PO
regimen of solithromycin were the liver volume, the relative expression of CYP3A4 in liver,
lipophilicity, CYP3A4 time-dependent inhibition and metabolism parameters (Km, Vimax, Kinact,

Ki), the CYP3A4 ontogeny factor, and the CYP3A4 half-life in the liver.
4.3.6 Pediatric PBPK Model Evaluation

The AFE comparing simulated and observed plasma concentrations in pediatric patients
receiving IV solithromycin was 0.7 overall and was 0.6, 0.5, 1.3, and 0.7 for age groups 0 to <2
years, 2 to <6 years, 6 to <12 years, and 12 to <18 years, respectively Figure 4.12 and Table 4.8).
The AFE for pediatric patients receiving the PO suspension of solithromycin was 0.8 overall and
was 0.8, 0.9, and 0.8 for age groups 0 to < 2 years, 2 to <6 years, and 6 to <12 years,
respectively. The AFE was 0.7 for pediatric patients from 6 to 17 years of age receiving the

solithromycin PO capsule (Figure 4.13 and Table 4.8). The day 1 weight normalized CL from
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the PBPK simulation were similar to the individual empirical Bayesian post-hoc parameter
estimates from the published PopPK model for all ages except 2 to <6 year old children Table
4.10).8

After scaling the adult PO ketoconazole PBPK model to pediatric patients from 0.42 to
14 years of age, the AUC and Cmax Was over-predicted by two- to three-fold. For example, the
simulated versus observed mean AUCo.24,5s and Cmax for the 9 mg/kg PO daily ketoconazole dose
in 5 month to 14 year olds was 69.1 versus 32.7 pg*h/mL and 14.6 versus 4.9 pg/mL,
respectively. Likewise, the simulated versus observed AUCo.. and Cmax for the 5 mg/kg PO
single dose in 2 to 12 year olds was 38.7 versus 15.3 pg*h/mL and 7.9 versus 4.4 pg/mL,
respectively. Reducing the transcellular intestinal permeability approximately 10-fold from the
adult permeability value resulted in similar AUC and Cmax values as reported in 26 children (0.42
to 14 years) with candidiasis 334 and 12 children with PO candidiasis and superficial

dermatophytoses * (Table 4.11).

The adult 1V and PO midazolam PBPK model was scaled to pediatric patients ranging
from 2 days to 16 years of age. The mean CL and volume of distribution at steady-state (Vss) for
the pediatric midazolam PBPK model were within 0.67- to 1.27-fold to values reported in
pediatric patients from 2 days to 16.2 years receiving IV midazolam except for the Vs in
children from 12 to <16 years (Table 4.12).%4-3® The AUCo-»»and Cmax Were generally within 0.5
to 2-fold of values reported in pediatric patients from 0.5 to <16 years receiving a single PO dose

of midazolam (Table 4.13).%
4.3.7 Solithromycin Plus Midazolam DDI Simulations

The simulated age and weight based solithromycin 1V doses (60 minute infusion) resulted

in comparable solithromycin exposure but higher variability when compared to the mean +
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standard deviation AUCo.24,5 value (13 = 4.38 mg*h/L) reported in healthy adults receiving 400
mg IV daily for 7 days (Figure 4.14 and Table 4.6). The simulated solithromycin AUCo.24,ss Was
generally the same across age groups, albeit slightly higher in pediatric patients to adults overall
and highest and most variable in infants from 1 to <6 months of age (Figure 4.14). The geometric
mean AUCo.. ratio and associated 90% confidence interval for midazolam with solithromycin
relative to midazolam alone were slightly higher in simulated pediatric patients relative to
simulated adults and highest in infants from 1 to <6 months of age. Therefore, the proposed dose
adjustment for midazolam when given in combination with solithromycin is approximately 6-
fold lower in infants <6 months of age and 4 to 5-fold lower in ages > 6 months (Table 4.14 and

Figure 4.15).
4.3.8 Solithromycin Plus Ketoconazole DDI Simulations

The simulated median ketoconazole AUCo-24ss Was generally the same across age groups
using the recommended dosing, but the mean was higher in simulated infants from 1 to <6
months of age due to higher variability (Figure 4.14). The geometric mean AUC., ratio and
associated 90% confidence interval for solithromycin with ketoconazole relative to solithromycin
alone was similar between virtual pediatric patients > 6 months of age and adults but higher in
infants from 1 to <6 months of age. Therefore, the proposed dose adjustment for solithromycin
when given in combination with ketoconazole is approximately 2-fold lower in infants <6
months of age and approximately 1.4-fold lower in ages > 6 months (Table 4.14 and Figure
4.15).

4.4 Discussion

Although phenotyping studies for CYP3A4 are routinely performed for new

investigational drugs, the role of CYP3A7 is rarely investigated since CYP3A7 is minimally
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expressed in adults.> However, CYP3AT is the predominantly expressed CYP3A isoenzyme in
fetal tissue and newborns, and CYP3A7 played a critical role in the CYP3A mediated DDI
between sildenafil plus fluconazole in preterm and term neonates.® Therefore, the objective of
this study was to leverage solithromycin as a case study to suggest a framework for investigating
and incorporating CYP3A into adult and pediatric PBPK models to predict pediatric CYP3A
mediated DDI potential during drug development. As demonstrated in this study, adult and
pediatric PBPK models can be developed incorporating relevant CYP3A parameters, evaluated
using adult and pediatric PK and adult DDI data, and then dosing can be simulated in pediatric
patients receiving CYP3A drug combinations (Figure 4.16). This approach can be applied to
guide DDI assessment throughout drug development for other CYP3A drug combinations that

are likely to be administered to infants.

We evaluated CYP3A4, CYP3AD5, and CYP3A7 metabolism and time-dependent
inhibition, and incorporated these parameters into a previously published adult PBPK model for
solithromycin.? Using recombinant enzymes, we reported a higher Kinactand K for CYP3A4 than
studies identified using human liver microsomes (0.084 min versus 0.022 min* and 1.49 pg/mL
versus 0.038 pg/mL).? There may be altered activity and expression between recombinant
enzymes and human liver microsomes. In addition, we investigated solithromycin concentrations
<300 pg/mL and used the NADPH regenerating system and testosterone as the probe substrate,
whereas, the sponsor investigated solithromycin < 0.3 ng/mL and used NADPH and midazolam
as the probe substrate (sponsor data on file). Solithromycin was not a substrate or time-
dependent inhibitor for CYP3A7 at the concentrations (<900 pg/mL) and times (60 minutes)

investigated in this study. In contrast, CYP3A7 metabolizes other CYP3A substrates, such as
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midazolam, tacrolimus, clarithromycin, and alprazolam.**° Although substrate specificity can

overlap for the CYP3A family, CYP3A7 generally has lower catalytic activity than CYP3A4.4

The final solithromycin PBPK model included CYP3A4 and CYP3A5 metabolism and
time-dependent inhibition, glomerular filtration, and P-glycoprotein transport and enterohepatic
recirculation. The AFE and simulated PK parameters were all within 2-fold of observed values in
healthy subjects and CABP patients, except for the 200 mg PO day 1 Cmax and the 600 mg PO
daily day 7 AUC; (Table 4.6-Table 4.8). The model overpredicted exposures for the 200 mg and
600 mg dosing regimens particularly on day 1 (Figure 4.8). However, solithromycin regimens
that demonstrated efficacy for CABP [800 mg on day 1 followed by 400 mg on days 2-5 PO and
400 mg 1V daily] were well characterized.*® In addition, simulated geometric mean ratios for
midazolam with and without solithromycin and solithromycin with and without ketoconazole for
Cmax and AUCo... were within 0.75 to 1.25-fold of values reported in healthy adults from phase I1

DDl studies (Table 4.9).

The adult solithromycin PBPK model was scaled to pediatric patients from 4 days to 17.9
years of age. The AFE values comparing the simulated and observed plasma concentrations were
within 0.5- to 2.0-fold (Table 4.8). However, the model was underpredicting variability in the
pediatric population, which is likely due to differences in the pediatric patients with bacterial
infection receiving solithromycin as add-on therapy from the virtual pediatric population in PK-
Sim® (Figure 4.12 and Figure 4.13). Additionally, the weight-normalized day 1 CL for the
PBPK simulations were similar to the individual empirical Bayesian post-hoc parameter
estimates from a published PopPK model developed using PK data from these 96 children (Table
4.10).% However, our steady-state CL and simulated age and weight based dosing for IV

solithromycin were lower than the PopPK model recommendation of 8 mg/kg IV daily across all
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pediatric ages (Table 4.14).2 The final PopPK model included weight and a sigmoidal maturation
function for PMA on CL, but time-dependent inhibition was not included because model fits
were not improved.2 Therefore, differences in steady-state CL and dosing between the PopPK
and PBPK models can be explained by the influence of time-dependent inhibition along with
different maturation functions incorporated for CYP3A4. For example, the maturation function
for the PopPK model and PBPK model achieved 50% of the adult CYP3A4 activity at
approximately 52.6 weeks and 73.0 weeks PMA, respectively.®>° The PBPK model also included
an ontogeny function for P-glycoprotein with a mean * standard deviation age at which 50% of
adult expression is reached at 2.94 + 1.33 years, which may explain why the PBPK model dosing

recommendations were particularly lower in infants <6 months of age. 32

In order to evaluate CYP3A mediated DDI potential for solithromycin, adult and
pediatric PBPK models were developed for the CYP3A probe substrate, midazolam, as well as
the strong CYP3A inhibitor, ketoconazole. After scaling the adult PO ketoconazole PBPK model
to pediatric patients, the plasma concentrations were over-predicted. The hypothesis was that
children with candidiasis had impaired absorption of ketoconazole. Oral absorption of
ketoconazole is highly affected by the presence of food in the gastrointestinal tract and by gastric
acidity, which may differ in sick pediatric patients relative to healthy adults.?> For example, the
intragastric pH is relatively elevated in neonates and a study in neonates reported that gastric pH
above 2.5 and continuous PO feeding resulted in insufficient ketoconazole absorption in preterm
infants during the first week of life.>52 There are also formulation considerations and pediatric
patients (2 to 12.5 years of age) receiving ketoconazole suspension had mean plasma
concentrations 1.6 to 4 times higher than children receiving crushed tablets in applesauce.3® After

reducing the transcellular intestinal permeability to reflect this hypothesized lower bioavailability
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in children, simulated exposures were similar to observed data in children with candidiasis. Of
note, the optimized transcellular intestinal permeability for ketoconazole is significantly greater
than the predicted value (2.39 *10 cm/min) in PK-Sim® based on its physiochemical
properties. The aqueous solubility of ketoconazole can be greater when formulated with the
excipients in the tablet formulations, which might in part explain this discrepancy. In addition, as
a base, the solubility and absorption of ketoconazole is likely enhanced in the acidic environment
of the gastrointestinal tract. Ketoconazole has not been systematically studied in children under 2
years of age, so dosing was simulated to achieve similar AUC; relative to adults receiving 200
mg tablets PO daily as well as children > 2 years of age receiving 3.3 mg/kg/day ketoconazole
(Table 4.14 and Figure 4.14).

The differences in DDI potential simulated across age cohorts for midazolam plus
solithromycin and solithromycin plus ketoconazole reflect minor differences in inhibitor
concentrations (Table 4.14 and Figure 4.15). For example, due to the high variability in
solithromycin and ketoconazole concentrations between 1 to <6 months of age, exposures were
highest and resulted in the highest AUC ratios with and without inhibition in this age group.
Therefore, as long as the inhibitor concentrations are appropriately matched to adult
concentrations, CYP3A mediated DDI potential should be similar between pediatric subjects > 1
month of age and adults. However, the exposure-response relationship and drug concentrations
can differ between pediatric and adult patients due to differences in disease progression and
treatment response, such as for drugs involved in the treatment of gastroesophageal reflux
disorder in infancy, neonatal bacterial conjunctivitis, type 2 diabetes, oncology products, major
depression disorder, as well as attention-deficit hyperactivity disorder.>® Additionally, DDI

potential may differ in neonates for other CYP3A substrates metabolized by CYP3A7 since
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CYP3AT has greater expression in neonates and generally has lower catalytic activity than
CYP3A4. The simulated adult AUC ratio following IV solithromycin plus IV midazolam was
lower than the simulated adult AUC ratio following the phase 1l study dosing (PO solithromycin
plus PO midazolam) because of the lack of intestinal involvement. In addition, the simulated
adult AUC ratio following multiple PO dosing of solithromycin with ketoconazole was slightly
lower than the simulated adult AUC ratio following the the phase Il study dosing (a single dose
of PO solithromycin after multiple PO ketoconazole dosing) presumably due to the time-
dependent inactivation of CYP3A by solithromycin (Table 4.9 and Table 4.14).

In conclusion, we present a framework for investigating and incorporating CYP3A in
vitro data into adult and pediatric PBPK models to predict pediatric CYP3A mediated DDI
potential during drug development. However, there are some notable limitations that warrant
further discussion. First, we were unable to determine the “true” Vmax for CYP3AS5 because of
the high Km and the influence of time-dependent inhibition at higher solithromycin
concentrations. However, CYP3AS5 played a minor role in the metabolism of solithromycin as
indicated by the lack of sensitivity for CYP3AS5 on the solithromycin steady-state half-life.
Second, the lack of significant metabolism of solithromycin by CYP3A7 made it difficult to
evaluate the role of CYP3A7 in CYP3A mediated DDI potential in neonates. Since we cannot
predict in advance if a drug will be a CYP3A7 substrate, CYP3A7 metabolism should still be
explored if the investigational drug is likely to be given to infants. Finally, the simulated
solithromycin age and weight based dosing differed from the recommended dosing of 8 mg IV
daily that was investigated for safety in pediatric studies, likely due to different ontogeny

functions implemented and the lack of time-dependent inhibition included in the PopPK model.
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Additionally, there are likely disease-state differences in the pediatric population that are not

accounted for in the virtual pediatric population.
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4.5 Tables

Table 4.1: Clinical data used for physiologically-based pharmacokinetic (PBPK) model development.

CEO1-121 CEO01-110
CE01-102 [Sponsor data on [Sponsor data on CEO01-114 CE01-200
Study ] file] file] ] |
Trial phase 1 1 1 1 2
Number of Adult
Subjects 25 30 14 31 652
200, 400, and 600 | 400 mg daily x 7 800 mg on day 1, 800 mg on day 1,
mg daily for 7 days; 400 mg daily x 4 400 mg daily x 5 400 mg daily x 4
Regimen days 800mg single-dose days days days
Formulation® PO [\ PO PO PO
% Female 27% 23% 54% 19% 57%
Age (years) 32.9 (20-55) 44.6 (23-59) 34.2 (21-43) 33.6 (19-46) 56.0 (25-87)
Weight (kg) 74.5 (61.4-90.3) 82.75 (66-102) 76.2 (61.5-95.6) 82.2 (58.1-97) N/A
Plasma Samples 676 801 356 31 102

8Formulation: capsule (PO) or Intravenous suspension (IV).2 Pharmacokinetic (PK) data was available for 22 of these subjects. Data

presented as the average (range).
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Table 4.2: Final physiologically-based pharmacokinetic (PBPK) model parameters for solithromycin, ketoconazole, and midazolam.

Parameter Solithromycin | Source Ketoconazole Source Midazolam Source
('\g;’r:]ecﬁ‘;'ar Weight 845.01 a 531.44 24 325.77 24
LogP 4.04 a 2.44 b 2.76 b
Compound type Base a Base 24 Base 24
pKa 9.44 a 2.90, 6.50 24 6.57 24
Solubility (mg/mL) a 9.31*103 24 0.01 24
2% (100 mg) b
Fraction unbound 0.22 a 1% (200, 400 mg) 24 3% 24
0.75% (800 mq) b
UGT1AL Ky (UM) N/A N/A 22.3 21 N/A N/A
UGTLAL Vimax N/A N/A 9366 b N/A N/A
(mg/protein/min)
CYP3A4 Ky (LM) 0.60 c 235 20 1.88 30
CYP3A4 Vimax 3.44 c 0.90 b 6.12 3
(pmol/min/pmol)
CYP3A5 Ky (LM) 57.8 c N/A N/A N/A N/A
CYP3AS Vmax 23.4 ¢ N/A N/A N/A N/A
(pmol/min/pmol)
87;%‘4 Kt 0.08 c N/A N/A N/A N/A
0.0038 26
CYP3A4 K, (M) 1.76 (TDI) c (Competitive) N/A N/A
87r§i3;1'§‘5 Kt 0.03 ¢ N/A N/A N/A N/A
CYP3AS K; (uM) 3.08 (TDI) ¢ 0.109 (Non- 27 N/A N/A

Competitive)
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P-glycoprotein Km 45 60 N/A N/A N/A N/A
(uM)

P-glycoprotein Vmax 1.24 b N/A N/A N/A N/A
(umol/L/min) '

P-glycoprotein K| N/A N/A 2.27 28 N/A N/A
(ng/mL) '

Transcellular 3.14 * 103 (adult)

Intestinal 5 ' ) b 5

permeability 8710 " 27 10° b Fe ’
(cm/min) (pediatric)

4Sponsor data on file.
Optimized Value.
‘Exerimentally derived.

Abbreviations: Log P: logarithmic of drug permeability; P-gp: P-glycoprotein; pKa: negative logarithmic of the acid dissociation
constant; N/A: not applicable; Vmax: maximal rate of metabolism; Km: Michaelis-Menten constant; K;: inhibition constant; Kinact:
maximal inactivation rate constant. Kcat: catalytic activity; TDI: time-dependent inhibition; UGT1A1: uridine diphosphate

glucuronosyltransferase 1Al; CYP: cytochrome P450; CYP3A4: cytochrome P450 3A4; CYP3AS5: cytochrome P450 3A5.



Table 4.3: Clinical data for ketoconazole and midazolam physiologically-based pharmacokinetic

(PBPK) model development and evaluation.

fasted

N, Population? Study Drug Dose and Administration Reference
23 healthy males 200' mg PO tal')let, suspension, apd 23
20 (18-25) years Ketoconazole | solution, fasted; 400 mg PO solution,

800 mg PO solution; single dose
6 ggaﬂien;ﬁes Ketoconagole | 200 mg and 400 mg PO tablet, single, o
administered with standard breakfast
Healthy adults Ketoconazole 100 mg, 200 mg, 400 mg tablet, 200 22
mg solution, single dose
8 Healthy males 200 mg tablets PO twice daily for 5 .
Ketoconazole days, fasted on day 1, breakfast
25 (21-46) years
allowed on day 5
10 healthy adults 200 me tablet. fasti .
24 (22-26 mg tablet, fasting, orange juice, 62
( ) years Ketoconazole standard breakfast, single dose
21 healthy adults 200 me PO tablets dailv for 7 d
31.2 (20-45) years | Ketoconazole mg PO tab'ets catly for / days, o4

26 children with

daily doses ranged from 3-13 mg/kg

6 (2-12.5) years

Ketoconazole

suspension, fasted, single dose

candidiasis Ketoconazole | (suspension or tablet) for 7 days to 18 33,34
(0.42-14 years) months
12 children 5 mg/kg crushed tablets or 35

27 healthy adults

2 mg IV over 30 minutes, single

31 (21-49) years®

27.6 (18-51) years Midazolam 6 mg PO, single dose "
3226(?:32561)(1;;;5 Midazolam 2.5 mg IV bolus, single dose 63
o | o | e e b e |
éz Tigljg) tljilrt: Midazolam 15 mg PO, single dose 43
213 (h;glﬁ)/ ;aalrisc Midazolam 7.5 mg PO, single dose 65
21; Zh?fg_hjé)a ?/L;::S Midazolam 2 mg PO syrup, single dose 66
18 healthy adults Midazolam 0.075 mg/kg PO, single dose 67
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9 healthy adults . 2 mg IV, single dose 56
26 (19-41) years Midazolam 6 mg PO, single dose
87 children from 0.25, 0.5, or 1 mg/kg (40 mg
6 months to < 16 Midazolam maximum) oral syrup and 37
years of age 0.15 mg/kg single IV bolus dose
10 critically ill
neonates 2-10 post-
natal days and 37 Midazolam 0.2 mg/kg single IV bolus dose 36
34-41 weeks
gestational age
23 critically ill
children : 49-385 pg/kg/hr 1V continuous 38
3.6 years (8 days- Midazolam infusion for 0.3-10.9 hours
16.2 years)

2Age presented as mean (range), mean + standard deviation®, or median (range)© as presented in

the original publication. Abbreviations: N: number of subjects; IV: intravenous; PO: oral
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Table 4.4: Adult drug-drug interaction (DDI) predictions for midazolam plus ketoconazole.

Observed Simulated
Dosing Regimen AIL:JOCI:S'OO Eg‘laé A;JOCIZS-OO (F::Itl( Reference
e o010 | 150 | 41 | 1o |30 | o
oo 29 | o | wa | 5o |wa |
orgro e 0w | g | o | 0 | a0 | -
fomromisokns 807 | g | o0 | se | 54 |
omengha im0 | o5 | 5 | a1 | aa |

@Nine healthy adult volunteers received oral ketoconazole (400 mg daily) or placebo for 4 days,
and then a single dose of 7.5 mg oral midazolam was administered on day 4.%°

bNine healthy individuals received single doses of 2 mg intravenous or 6 mg oral midazolam
alone and then single doses of 2 mg intravenous or 6 mg oral midazolam after 3 daily doses of

200 mg oral ketoconazole.*®

‘Forty healthy subjects received single 10 mg oral midazolam solutions before and after 12 daily

doses of 200 mg ketoconazole.%®

dNineteen subjects received single oral doses of 0.075 mg/kg midazolam before and after 10
daily doses of 400 mg oral ketoconazole.%®

Data are presented as the mean fold change for midazolam plus ketoconazole relative to
midazolam alone based on simulations using a mean individual (32 year-old white American
male, weight of 81 kg, height of 178 cm, body mass index of 25.48 kg/m?).

Abbreviations: AUCo.-.. area under the curve from zero to infinity; Cmax: maximal concentration;

PO: oral; IV: intravenous.
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Table 4.5: Time-dependent inhibition and Michaelis-Menten kinetic parameters.

. \% mol/min/pmol
Enzyme Kinact (1/min) | Ki (ug/mL) | Kwm (UM) e (pCYPS A) P
0.084 1.49 0.60 3.44
CYPSAL | (0.078,0002) | (0.96,2.26) | (462, 781) (3.21,3.71)
0.029 261 57.8 23.4
CYPSAS | (0.026,0082) | (152,415 | (41.8,87.8) (18.7, 32.0)

Data are presented as the mean (95% confidence interval) fitted using GraphPad Prism version

8.0 based on triplicates from two different dates for time-dependent inhibition parameters and

from three different dates for Michaelis-Mentin parameters. Abbreviations: Kinact: inactivation

rate constant; K;: concentration of half-maximal inactivation; Vmax: maximal velocity; Kw:

concentration at half-maximal velocity; CYP3A4: cytochrome P450 3A4; CYP3A5: cytochrome

P450 3A5.
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Table 4.6: Comparison of maximal concentration (Cmax) and area under the concentration versus time curve within a dosing interval
(AUC,) in adults for solithromycin between observed data and physiologically-based pharmacokinetic (PBPK) model simulations.

Crmax (Hg/mL) AUC: or AUCo-» (ug*h/mL)

Dosing Regimen Day | Observed | Simulated Ratio Observed | Simulated Ratio

400 mg 1V, 60 minute
infusion, daily for 7 days

800 mg 1V, 40 minute

7 22+044 | 26+0.68 12+04 13+4.38 13+12 1.1+1.0

00 mg 1V, 1 | 20+054 | 55+051 | 1.9+04 | 19+479 | 14+481 | 08+0.3
infusion, single dose

_ 1 | 011+005 | 026+003 | 24+11 | 084+041 | 1.7+027 | 20%1.0

200 mg PO daily for 7.days 1= == >0 0 08 031 +008 | 12405 | 23077 | 23+11 | 1L0<06

. 1 | 058+037 | 053+006 | 090+06 | 48+31 | 39+08 | 07+05

400 mg PO daily for 7days " e 111060 | L0+08 | 13:74 12 + 12 09+11

. 1 | 0.86+053 | 080+0.10 | 09+06 | 7.7+46 | 56+13 | 07+05

600 mg PO daily for 7.days === "0 30515 | 20+11 | 18<56 42 + 29 24+18

800 mg PO day 1, 400 mg PO 1 15+0.55 12+11 0.8+0.8 21+9.4° 10+6.3° 05+0.4

day 2-5 5 | 1.2+036 | 1.1+068 | 09+07 | 17+72 11+12 | 069+08

Data are presented as the mean + standard deviation. ?Data are reported as the area under the concentration versus time curve from 0
to infinity (AUCo-»). The ratio was calculated as the ratio of mean predicted values over mean observed values + the ratio for the
standard deviation as described previously.1®-8

Abbreviations: IV: intravenous administration; PO: oral administration; AUC,, area under the concentration versus time curve within a

dosing interval.
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Table 4.7: Comparison of adult clearance values for solithromycin between the observed data and the simulated PBPK model.

CL/F or CL on Day 1 (L/h) CL/F or CL after multiple doses (L/h
Observed data | PBPK model Observed data PBPK model
Dosing Regimen Mean SD Mean SD Ratio | SD Mean SD Mean | SD | Ratio | SD
200 mg PO daily 267 140 112 19 0.42 | 0.23 102 60 95 23 0.94 | 0.60
400 mg PO daily 103 141 106 20 1.03 | 1.43 96 198 63 34 0.66 | 1.40
600 mg PO daily 131 178 101 22 0.77 | 1.06 35 11 27 25 0.77 | 0.76
800 mg PO day 1,
400 mggPO dayy2-5 61 | 54 93 | 26 | 153 |142| 32 13 | 63 | 34 | 196 |133
400 mg IV daily 70 17 65 10 0.92 | 0.26 34 13 45 20 1.31 |0.78
800 mg IV day 1 42 8 59 12 1.40 | 0.39 N/A N/A N/A N/A | N/A | N/A

The ratio was calculated as the ratio of mean predicted values over mean observed values with a ratio for the standard deviation as

described previously.'®-8,

Abbreviations: CL/F: clearance following oral administration; CL: clearance; PBPK: physiologically-based pharmacokinetic model;

SD: standard deviation; PO: oral
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Table 4.8: Average fold errors for the adult and pediatric solithromycin physiologically-based pharmacokinetic (PBPK) model.

Population Dosing and Administration Average Fold Error
Adults 200 mg PO daily 1.7
Adults 400 mg PO daily 1.1
Adults 600 mg PO daily 2.0
Adults 800 mg PO day 1, 400 mg PO day 2-5 0.8
Adults 400 mg IV daily 1.0
Adults 800 mg IV day 1 0.7

Pediatric Patients IV Formulation 0.72
12 to 17 years 6 mg/kg daily 0.7
6 to <12 years 7 mg/kg daily 1.3
2 to < 6 years 8 mg/kg daily 0.5
0to < 2 years 7 (<1 months) or 8 mg/kg daily (> 1 month) 0.6
Pediatric Patients Oral Suspension 0.82
6 to < 12 years 15 mg/kg daily 0.8
2 to < 6 years 15 mg/kg daily 0.9
0 to < 2 years 15 mg/kg daily 0.8
Pediatric Patients Oral Capsules 0.72
12 to 17 years 6 mg/kg daily 0.7
6 to < 12 years 15 mg/kg daily 0.7




80verall values for pediatric patients for each formulation and dosing administration. The adult
model was evaluated using plasma concentration data from 100 healthy subjects and 22 patients
with community acquired bacterial pneumonia (CABP) (1,966 plasma samples) as described
previously (Table 1) 2. The solithromycin pediatric PBPK model was evaluated using 684 plasma
concentration data available from 96 pediatric patients ranging from 4 days to 17.9 years. The
pediatric concentration data was normalized to a 1 mg/kg dose. The average fold error was
calculated for each dosing regimen according to the equation where predicted is the simulated

geometric mean value for adults and the arithmetic mean value for pediatric subjects:

1 O(%)* Y log (M)

observed” ,
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Table 4.9: Comparison of adult drug-drug interaction (DDI) simulations and observed data for
solithromycin plus midazolam or ketoconazole.

Geometric Mean [90% CI]

Geometric Mean [90%

Treatment Group Crmax Ratio CI] AUCo-- Ratio
Observed Simulated | Observed | Simulated
Solithromycin (400 mg daily x 5 2.45 2.71 8.96 6.89
days) plus midazolam? [2.16-2.77] [2.62-2.81] | [7.82-10.3] | [5.87-8.08]
f‘n‘;' ';22?;“)2’2‘3;33%%2 X 1,400 2.45 2.94 9.09 8.96
midazolam® [2.16-2.77] [2.83-3.05] | [7.92-10.4] | [7.49-10.7]
Solithromycin (400 mg) plus 1.56 1.91 2.55 2.30
Ketoconazole (400 mg)°© [1.39-1.76] |[1.88,1.95] | [2.24-2.91] | [2.25-2.36]

#Midazolam 0.075 mg/kg PO on days 1, 3, and 7 and solithromycin 400 mg once daily PO on

days 3 to 7. The ratio was calculated for midazolam on day 7 compared to day 1.

bMidazolam 0.075 mg/kg PO on days 1, 3, and 7 and solithromycin 800 mg PO on day 3 followed

by 400 mg once daily PO on days 4 to 7. The ratio was calculated for midazolam on day 7

compared to day 1.

Solithromycin 400 mg PO on Day 1 followed by a 5-day washout period, and then 4 days of

ketoconazole 400 mg PO (days 7-10), with solithromycin and ketoconazole PO (400 mg each)

on day 11. The ratio was calculated for solithromycin on day 11 compared to day 1.

Abbreviations: confidence interval (CI); maximal concentration (Cmax), area under the curve

from 0 to infinity (AUCo-»); PO, oral administration; I1V: intravenous administration.
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Table 4.10: Comparison of the population pharmacokinetic (PopPK) and physiologically-based pharmacokinetic (PBPK) model
weight-normalized clearance estimates.

Cohort PopPK estimates?® PBPK Simulated PBPK Simulated
CL (L/h/kg) CL day 1 (L/h/kg) CL day 5 (L/h/kg)
12 to 17 years (1V) 0.78 (0.19-2.00) 0.88 (0.20-1.63) 0.62 (0.08-1.55)
6 to <12 years (IV) 1.20 (0.43-2.50) 1.14 (0.14, 2.07) 0.85 (0.07, 1.93)
2 to <6 years (1V) 0.53 (0.18-2.40) 1.37 (0.43-2.26) 0.96 (0.08-2.11)
w<2yes(V) | 08O | e 610200 | 052 year096 0004

Clearance values are reported as the median (range). 2Individual empirical Bayesian post-hoc parameter estimates were obtained
based on a published population based pharmacokinetic (PopPK) model developed using plasma data from these 96 children (780
plasma samples). The structural model was a 2-compartment model with linear elimination and first-order absorption with an oral
absorption lag time. Significant covariates included weight and a sigmoidal maturation function for post-menstrual age on clearance
and weight on the volume of distribution. Modeling time-dependent inhibition did not improve the model fits in these pediatric

patients so only one individual clearance value was reported per subject.® Abbreviations: IV: intravenous; CL: clearance.



Table 4.11: Ketoconazole pediatric physiologically-based pharmacokinetic (PBPK) model

evaluation.

Dosing Regimen Age Range AUC (ug*h/mL) Crax (Mg/mL)

Simulated | Observed | Simulated | Observed
9 mg/kg PO daily,

33.5 32.7 5.7 4.9

tablets or 0.42 - 14 years
suspension®3 (5.9-85.3) | (5.9-82.0) | (0.93-14.1) | (1.2-14.0)
5 mg/kg PO single, i 23.6 15.3 4.1 4.4
suspension®® 2-125years | 4 1703) | (2.6-36.4) | (0.8-9.3) | (0.3-8.8)

Data presented as the mean (range). AUC: area under the concentration versus time curve from 0

to 24 hours at steady-state for multiple dosing or 0 to infinity for single dose administration,

Cmax, maximal concentration.

Abbreviations: GA: gestational age; PNA: post-natal age.
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Table 4.12: Midazolam pediatric PK parameters for children receiving intravenous midazolam

Reference Age Range CL (L/h/kg) V (L/kg)
Simulated Observed Simulated Observed
. éfff)ij A | 0.08£002 |012£007 | 07+01 | 09+04
37 0.5to < 2 years 0.57+0.20 | 0.68+£0.38 28+1.0 22+05
37 2to <12 years 0.65+0.20 | 0.60+0.23 2611 25x14
37 12 to < 16 years 0.48+0.14 | 0.56+0.23 1.3+04 3.6x15
38 8 days—16.2 years | 0.08t01.12 | 0.1t03.1 | 0.6t05.1 0.2t03.5

Data are presented as the mean (+standard deviation) for all studies except for 8, where the data

were presented as the range.

Abbreviations: CL: clearance; V: volume of distribution; L: liters; h: hour; kg: kilogram; PNA:

post-natal age; GA: gestational age.
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Table 4.13: Midazolam pediatric PBPK model predictions for children receiving oral midazolam

Dosing Regimen Reference Age Range AUCo-» (hg*h/mL) Cmax (ng/mL)
Simulated | Observed | Simulated | Observed
0.25 mg/kg PO single " | o5to<i6years | 2784160 | 137486 | 64+41 | 56430
05 mgfkg PO single " | o05to<16years | 388+275 | 3564320 | 7754 | 12376
1.0 mg/kg PO single " | 05to<16years | 563375 | 6844581 | 8763 | 186+99

Data arepresented as the mean + standard deviation.

Abbreviations: AUCo.: area under the concentration versus time curve from 0 to infinity; Cmax: maximal concentration: PO: oral.




¢Te

Table 4.14: Simulated dosing and drug-drug interaction (DDI) potential stratified by age group for solithromycin in combination with
midazolam and ketoconazole.

Age Group

Solithromycin
Simulated Dose?

Midazolam
Simulated Dose

Ketoconazole
Simulated DoseP

Midazolam plus
Solithromycin
AUCo-» Fold Change®

Solithromycin plus
Ketoconazole

AUCo-24s5s Fold Change®

1 to <6 months 3.25 mg/kg IV 0.05 mg/kg IV | 3.3 mg/kg PO daily 5.9 (5.5, 6.4) 1.8(1.8,1.9)
0.5 to <2 years 6 mg/kg IV 0.05 mg/kg IV | 4 mg/kg PO daily 4.1(3.8,4.4) 1.2 (1.2,1.3)
2 to <6 years 7 mg/kg IV 0.05 mg/kg IV | 3.3 mg/kg PO daily 4.9 (4.5,5.3) 1.5(1.4,15)
6 to <12 years 6 mg/kg IV 0.025 mg/kg IV | 3.3 mg/kg PO daily 5.2 (4.8, 5.6) 1.5(1.4,1.6)
12 to <18 years 5.5 mg/kg IV 0.5mg IV 3.3 mg/kg PO daily 4.9 (4.6,5.3) 1.2(1.2,1.2)
18 to 65 years 400 mg IV 0.5mg IV 200 mg PO daily 4.1(3.8,4.4) 1.4(1.4,1.4)

*The maximum simulated solithromycin dose was 400 mg. ®The maximum simulated ketoconazole dose was 200 mg. °The fold-

change values are presented as the geometric mean (90% confidence interval) for midazolam based on 500 simulations in each age

group receiving midazolam plus solithromycin for 5 days relative to midazolam alone for 5 days. 9The fold-change values are

presented as the geometric mean (90% confidence interval) for solithromycin based on 500 simulations in each age group receiving

solithromycin plus ketoconazole for 5 days relative to solithromycin alone for 5 days. Abbreviations: IV: intravenous; AUCo..: area

under the concentration versus time curve from 0 to infinity; AUCo.24,ss: area under the concentration versus time curve from 0 to 24

hours at steady-state.
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4.6 Figures

Figure 4.1: Cytochrome P450 3A4 (CYP3A4) time-dependent inhibition.
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CYP3A4 (200 pmol/mL) was pre-incubated at 37 degrees Celsius with solithromycin (0, 0.3, 3, 9, 15, 30, and 300 pg/mL) for 0, 2.5,
5, 10, 15, and 30 minutes, and then diluted 10-fold into fresh buffer containing 250 UM testosterone and incubated at 37 degrees
Celsius for five minutes. Remaining enzymatic activity was measured by the formation of 6B-hydroxy-testosterone using a validated
high-performance liquid chromatography-tandem mass spectrometry (HPLC/MS/MS) assay. Each data point represents the mean of
duplicates and data from two independent experiments are shown. The negative slope of the natural log of the percent activity
remaining at each pre-incubation time, the pseudo first-order rate constant of inactivation (Kobs), was plotted against solithromycin

concentration.
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Figure 4.2: Cytochrome P450 3A5 (CYP3ADb) time-dependent inhibition.
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CYP3A5 (200 pmol/mL) was pre-incubated at 37 degrees Celsius with solithromycin (0, 0.3, 3, 9, 15, 30, and 300 pg/mL) for 0, 2.5,
5, 10, 15, and 30 minutes, and then diluted 10-fold into fresh buffer containing 250 UM testosterone and incubated at 37 degrees
Celsius for five minutes. Remaining enzymatic activity was measured by the formation of 6B-hydroxy-testosterone using a validated
high-performance liquid chromatography-tandem mass spectrometry (HPLC/MS/MS) assay. Each data point represents the mean of
duplicates and data from two independent experiments are shown. The negative slope of the natural log of the percent activity
remaining at each pre-incubation time, the pseudo first-order rate constant of inactivation (Kops), was plotted against solithromycin

concentration.



Figure 4.3: Cytochrome P450 3A7 (CYP3A7) time-dependent inhibition.
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CYP3A7 (400 pmol/mL) was pre-incubated at 37 degrees Celsius with solithromycin (0, 30, 90,
150, 300, and 900 pg/mL). After 0, 5, 15, 30, 45, and 60 minutes, the pre-incubations were
diluted 10-fold into fresh buffer containing 250 UM testosterone and incubated at 37 degrees
Celsius for 30 minutes. Remaining enzymatic activity was measured by the formation of 68-
hydroxy-testosterone using a validated high-performance liquid chromatography-tandem mass
spectrometry (HPLC/MS/MS) assay. Velocity for formation of 63-hydroxy-testosterone versus

time are shown with the mean and standard error of triplicates from a single experiment.
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Figure 4.4: Linearity with time for Cytochrome P450 CYP3A-mediated metabolism of
solithromycin.

A)

=
o
I

e CYP3A4
m  CYP3A5

=
o
|
HOH
HH

Metabolites (pmol)
©
a1
1

s *¥

0.0-!§lll|lllllllllIIIIIIIIIIIIIIII
0 10 20 30 40 50 60

Time (min)

B)

124
I ] I = 10 uM
7, - I = 1M

Solithromycin (@gM)

s Mo M M W Wi U

T T T T T
0 5 10 20 30 45 60

Time (min)

216



\®

230_
o
£ o
GC.)
e20— °
9
& 10- s
T
o) .
&
0-,IIIIllIIIIIIIIIIIIIIIIIIIIIIII
0 20 40 60
Time (min)

Pilot experiments were first performed to determine the linear range of disappearance of
solithromycin. (A) 60 pmol/mL of cytochrome P450 (CYP) 3A4 and CYP3AS5 were incubated
with 1 pM solithromycin in 100 mM potassium phosphate pH 7.4 plus NADPH Regenerating
System Solutions A and B at a dilution of 1:20 and 1:100, respectively, for 0, 2, 5, 10, 15, 30,
and 60 minutes. Data are presented as the mean and standard deviation from a single experiment.
(B) For CYP3A7, 100 pmol/mL were incubated with 1 uM and 10 uM solithromycin for 0, 5,
10, 15, 20, 30, and 60 minutes. Data are presented as the mean and standard deviation from a
single experiment. (C) CYP3A7 was also incubated with 250 pM testosterone for 0, 15, 30, and
60 minutes as a positive control. Data are presented as triplicate samples. The reactions were
stopped by a 1:5 dilution into ice-cold methanol containing 0.5 pM roxithromycin (or 1:4
dilution into acetonitrile containing 0.5 UM 4-androsten-19-1al 3,17-dione), centrifuged at 3500
rpm for 10 minutes at 4 degrees, and solithromycin and 6B-OH-testosterone were measured in
the supernatant by high-performance liquid chromatography-tandem mass spectrometry

(HPLC/MS/MS).
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Figure 4.5: Rate of Cytochrome P450 3A4 (CYP3A4) mediated metabolism (velocity) of
solithromycin as a function of concentration.
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CYP3A4 (60 pmol/mL) was incubated with solithromycin (0.005, 0.01, 0.05, 0.1, 0.25, 0.5, 1, 2,
3, 4, 5 uM) for 2 minutes in order to determine the concentration at half-maximal velocity
(Km)/maximal velocity (Vmax). Data is presented as the mean of triplicates from three individual

experiments.
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Figure 4.6: Rate of Cytochrome P450 3A5 (CYP3A5)-mediated metabolism (velocity) of
solithromycin as a function of concentration.
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(A) CYP3A5 (60 pmol/mL) was incubated with solithromycin (0.01, 0.05, 0.1, 0.25, 0.5, 1, 2, 3,
4,5, 10, 30 uM) at 37 degrees Celsius for 15 minutes. Data are presented as the mean of
triplicates from two individual experiments.

(B) The third experiment for CYP3AS5 was conducted at higher concentrations (50 to 3700 pM)
to further characterize the maximal velocity (Vmax). However, activity starts to decrease >30 uM
due to time-dependent inhibition so values beyond 30 uM were not included in determination of

concentration at half-maximal velocity (Km)/Vmax-
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Figure 4.7: Population simulations depicting concentration versus time after first dose following
solithromycin intravenous (V) administration in healthy adults.
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Population simulations were performed for 100 virtual subjects using a Black American
population with demographics from study CE01-102 for healthy subjects: 27% female with a
mean (range) age of 32.9 (20-55) years and a weight of 74.5 (61.4-90.3) kg. A: 400 mg IV daily
X 7 days administered over a 60-minute infusion; B: 800 mg IV single dose administered over a
40 minute infusion. The solid grey region is the 90% prediction interval, the solid black line is
the geometric mean, and colored dots are observations stratified by individual. The average fold

AW predicted . .
error (AFE) was calculated as 10(3) 2108 (Gherved) | where the predicted values were the simulated

geometric mean values and n was the sample size. The AFE was 1.0 and 0.7 for the 400 mg IV

and 800 mg IV plots, respectively.
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Figure 4.8: Population simulations for oral solithromycin in healthy adults.
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Population simulations were performed for 100 virtual subjects using a Black American
population with demographics from study CE01-102 for healthy subjects: 27% female with a
mean (range) age of 32.9 (20-55) years and a weight of 74.5 (61.4-90.3) kg. A: 200 mg oral (PO)
daily x 7 days; B: 400 mg PO daily x 7 days; C: 600 mg PO daily x 7 days; D: 800 mg PO on
day 1,400 mg PO daily on days 2-5. The solid grey region is the 90% prediction interval, the

solid black line is the geometric mean, and the colored dots are observations stratified by

predicted

1 *
individual. The average fold error (AFE) was calculated as 10()" =18 Grned’ | where the

predicted values were the simulated geometric mean values and n was the sample size. The AFE
was 1.7, 1.1, 2.0 and 0.8 for the 200 mg, 400 mg, 600 mg PO daily and 800 mg followed by 400

mg PO plots, respectively.
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Figure 4.9: Population simulations for 100 mg, 200 mg, 400 mg, 800 mg oral single dose

ketoconazole in adults.
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Population simulations based on 100 virtual subjects (white American population from 18 to 46
years of age) receiving 100, 200, 400, and 800 mg PO ketoconazole were performed. Single dose
(A=100 mg PO, B=200 mg PO, C=400 mg PO, D=800 mg PO) administration. The solid grey
region is the 90% prediction interval, the solid black line is the mean, and the colored dots are
the mean observations stratified by study. Observed data in orange are from healthy adults
receiving a single dose of the oral solution of ketoconazole.?? For the 200 mg PO simulation, the
observed data in blue are from adults receiving the suspension, purple from adults receiving the
tablet, and green is adults receiving the solution formulation of ketoconazole. 23 For the 400 mg
PO simulation, the observed data in green are from adults receiving the solution 2® and the

observed data in blue are from adults receiving the tablet formulation of ketoconazole.*?
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Figure 4.10: Population simulations for 200 mg and 400 mg oral multiple dose ketoconazole in
adults.
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Population simulations based on 100 virtual subjects (white American population from 18 to 46
years of age) receiving 100, 200, 400, and 800 mg PO ketoconazole were performed. Multiple
dose (A=200 mg daily x 7 days=A; B=400 mg daily x 5 days) administration. The solid grey
region is the 90% prediction interval, the solid black line is the mean, and the colored dots are
the mean observations from clinical studies: 200 mg tablets once daily fasted for 7 days °* and

400 mg once daily for 5 days.®
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Figure 4.11: Population simulations for midazolam in adults.
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Population simulations based on 100 virtual subjects (white American population from 18 to 46
years of age) were performed. A: 15 mg oral (PO) midazolam single dose; B: 2 mg intravenous
(V) intravenous single dose. The solid grey region is the 90% prediction interval, the solid black
line is the mean, and the colored dots are the mean observations from clinical studies. A:
observed data in healthy adults following a 15 mg oral tablet dose under fasting conditions
(orange), one hour before a meal (blue), with a meal (purple), and one-hour after a meal
(green).*3. B: observed data from healthy adults receiving 2 mg IV midazolam over a 30 minute

infusion, blue ** and orange.*®
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Figure 4.12: Population simulations depicting concentration versus time after first dose
following solithromycin intravenous (1) administration in pediatric patients.
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Pediatric population simulations for 100 virtual White American subjects from 4 days to 17.9
years of age receiving 1 mg/kg intravenous (1V) solithromycin. The solid grey region is the 90%
prediction interval, the solid black line is the arithmetic mean line, the colors are stratified by
individuals, and shapes are stratified by age group (circles: 12 to 17 years; triangle: 6 to <12
years; squares: 2 to <6 years; cross: 0 to < 2 years). Solithromycin plasma concentration data
were normalized by dose and time relative to the last drug administration since dose and

administration differed slightly for each individual.
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Figure 4.13: Population simulations depicting concentration versus time after first dose
following solithromycin oral administration (capsules or suspension) in pediatric patients.
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(A) Population simulations for 100 White American virtual infants and children from 4 days to
12 years of age receiving 1 mg/kg PO solithromycin as a suspension.

(B) Population simulations for 100 white American virtual children and adolescents from 6 to 17
years of age receiving 1 mg/kg oral (PO) solithromycin as a capsule. The solid grey region is the
90% prediction interval, the solid black line is the arithmetic mean, the colors are stratified by
individuals, and shapes are stratified by age group (circles: 12 to 17 years; triangle: 6 to <12
years; squares: 2 to <6 years; cross: 0 to < 2 years). Solithromycin plasma concentration data
were normalized by dose and time relative to the last drug administration since dose and

administration differed for each individual.
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Figure 4.14: Simulated solithromycin and ketoconazole daily steady-state area under the concentration versus time curve (AUCo-24,ss)

stratified by age group.
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Dosing was simulated in 500 virtual individuals between the ages of 1 to <6 months, 0.5 to <2
years, 2 to <6 years, 6 to <12 years, 12 to <18 years, and 18 to 65 years. The boxplots displays
the median (inter-quartile range), the upper whiskers is the 75" percentile to 1.5 times the inter-
quartile range, the lower whisker is the 25" percentile subtract 1.5 times the inter-quartile range,
and observations outside the whiskers are represented as black dots.

(A) The simulated solithromycin daily steady-state area under the concentration versus time
curve (AUCo.2455) based on the age and weight based IV solithromycin dosing for 5 days as
presented in Table 5. The red dot is the arithmetic mean for each age group. The black horizontal
line refers to the mean daily AUCo-24ss Value observed in healthy adults whom received 400 mg
intravenously for 7 days, in which the reported mean + standard deviation was 13 + 4.38
mg*hr/L (Sponsor data on file).

(B) The simulated ketoconazole daily AUCo-24,ss based on the age and weight based PO

ketoconazole dosing for 5 days as presented in Table 14.
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Figure 4.15: Forest plots of the geometric mean fold ratios for the simulated area under the
concentration versus time curve (AUC) of midazolam with and without solithromycin and of
solithromycin with and without ketoconazole, stratified by age groups.
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Dosing was simulated in 500 virtual individuals in each age category (1 to <6 months, 0.5 to <2
years, 2 to <6 years, 6 to <12 years, 12 to <18 years, and 18 to 65 years) according to the age and
weight based dosing presented in Table 14. The vertical blue line corresponds to a ratio of 1.00
and the dotted vertical lines refer to the equivalence range of 0.80 to 1.25. (A) Virtual individuals
received a single intravenous (1) dose of midazolam alone and on the last date after 5 days of

daily solithromycin IV dosing. The geometric mean ratio and 90% confidence interval of the
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area under the midazolam concentration versus time curve from 0 to infinity (AUCo-») was
calculated for a group of virtual individuals receiving midazolam plus solithromycin relative to a
group of virtual individuals receiving midazolam alone. (B) Virtual individuals received 5 days
of solithromycin IV dosing alone as well as in combination with 5 days of oral ketoconazole
dosing. The geometric mean ratio and 90% confidence interval of the area under the
solithromycin concentration versus time curve from 0 to 24 hours at steady-state (AUCo-24,ss) Was
calculated for the group of patients solithromycin plus ketoconazole relative to a group receiving

of virtual individuals solithromycin alone.
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Figure 4.16: Approach for leveraging experimental data and physiologically-based
pharmacokinetic (PBPK) modeling to predict drug-drug interactions (DDIs) mediated via
cytochrome P450 3A (CYP3A) inhibition in adults and pediatric patients during drug
development.

Determine if the investigational drug is a substrate or inhibitor of the drug
metabolizing enzymes: CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A4/5

l

Is the investigational drug a CYP3A substrate that is likely to be administered to

infants?
Yes /\ NG
Determine relevant in-vitro Refer to the latest FDA in-vitro and
parameters for CYP3A7 clinical DDI guidance documents
Develop and evaluate an adult Refine using available adult PK data

model with and without inhibition with and without inhibition

;

Develop and evaluate a pediatric Refine using available pediatric PK
model with and without inhibition data with and/or without inhibition

'

Determine optimal dosing in adult and pediatric patients receiving the investigational
drug in combination with CYP3A inhibitors

We have proposed a framework for conducting and integrating relevant experimental studies into
adult and pediatric PBPK models to predict pediatric CYP3A mediated DDI potential during
drug development. Although in vitro studies for CYP3A4 and CYP3ADS5 are routinely performed
to evaluate metabolism and drug interaction potential for new investigational drugs, in vitro
studies for CYP3AT7 are rarely performed since CYP3A7 is minimally expressed in adults L.

However, CYP3ATY is the predominantly expressed CYP3A isoenzyme in fetal tissue and
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newborns, and we have previously demonstrated that CYP3A7 was integral for evaluating
CYP3A mediated DDIs in infants < 2 months of age using the CYP3A substrate, sildenafil, as an
example °. Therefore, we recommend determining whether a drug is a substrate and/or inhibitor
of CYP3AT if this drug is likely to be administered concurrently to infants with other CYP3A
inhibitors/inducers or CYP3A7 substrates, respectively. These in vitro parameters can be
incorporated into an adult PBPK model developed and evaluated using clinical PK data and DDI
data collected in healthy adults. The adult DDI PBPK model can be scaled to pediatric patients
and evaluated using available pediatric PK data with and/or without drug inhibition. We
recommend extensively evaluating the victim and perpetrator pediatric PBPK models using
pediatric PK data for the drugs administered separately prior to co-modeling and simulated the
DDl in pediatric patients. Finally, dosing recommendations with and without drug inhibitors can
be simulated across the pediatric age continuum and provided within the product labeling. The
advantage of this approach is that it does not require pediatric clinical DDI data since such
studies are rarely performed unless children receive the drug combinations per standard of care.
However, as clinical data becomes available in pediatric patients receiving the drug
combinations per standard of care, the dosing recommendations can be further refined using

opportunistic PK data.
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CHAPTER 5 : SUMMARY AND CONCLUSION
5.1 Introduction

It is important to understand and clinically manage drug-drug interactions (DDIs)
because they can lead to therapeutic failure or life-threatening adverse events. Children are at
risk for experiencing DDIs because they often receive multiple medications throughout
hospitalization. In fact, one retrospective study reported that children hospitalized in the pediatric
intensive care unit were exposed on average to 10 distinct medications daily and to 20
medications cumulatively during hospitalization.® Another retrospective study reported that
approximately half of 498,956 pediatric hospitalizations were associated with a potential DDI.?

Although DDIs frequently occur in pediatric patients, DDIs are rarely evaluated in infants
and children for ethical and practical reasons. As a vulnerable population, it is unethical to
conduct DDI studies in pediatric patients unless they receive the medications per standard of
care. Pediatric studies are also logistically challenging to perform due to a small number of
children to enroll with the disease of interest, difficulties recruiting and consenting subjects, and
less blood volume available that can be collected for pharmacokinetic (PK) sampling.

The U.S. Food and Drug Administration (FDA) requires that DDI studies be performed
in healthy adult volunteers during drug development if an investigational drug is suspected to
interact with concomitant medications. Since pediatric DDI studies are rarely conducted, we
typically rely on adult DDI studies to guide clinical management in children who must receive

unavoidable drug combinations. However, changes in metabolic pathways during development
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may lead to differences in DDI potential between adults and children. For example, cytochrome
P450 (CYP) 3A7 is the predominant CYP3A isoform expressed in neonates and it has lower
catalytic activity compared to CYP3A4, the predominant CYP3A isoform expressed in older
children and adults.>®

Physiologically-based pharmacokinetic (PBPK) modeling can potentially overcome these
challenges by conducting prospective pediatric DDI studies and predicting pediatric DDI
potential when pediatric data are sparse or unavailable. The workflow first involves developing
an adult PBPK model incorporating drug, system, and formulation properties, and then
evaluating and further refining the model using adult clinical data. Second, DDI potential can be
evaluated in adults by incorporating in vitro induction or inhibition parameters and then
assessing and refining the model using robust adult DDI data. Third, adult PBPK models can be
scaled to pediatric patients including anthropomorphic and ontogeny functions. The pediatric
PBPK model can then be evaluated using available PK data, and DDI potential can be simulated
in pediatric patients of various age groups who are likely to receive the drug combination.
Finally, the simulated dosing recommendations can be prospectively evaluated using
opportunistic PK data in children receiving the drug combination per standard of care or through
an adaptive trial design where safety is monitored at pre-determined interim analysis (Figure
5.1).

In this dissertation, we deployed PBPK modeling to develop a systematic approach to
provide dosing recommendations in pediatric patients experiencing CYP3A mediated DDIs

spanning a variety of interaction mechanisms across the pediatric age continuum.
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First, we evaluated the DDI interaction between the reversible CYP3A inhibitor, fluconazole,
and the CYP3A substrate, sildenafil, administered to neonates for the co-treatment of invasive
candidiasis and pulmonary hypertension. Second, we evaluated the complex DDI between
lopinavir/ritonavir (LPV/RTV) plus rifampicin involving mixed CYP3A time-dependent and
competitive inhibition plus induction in pediatric patients co-infected with human
immunodeficiency virus (HIV) and tuberculosis (TB). Finally, this systematic approach was
applied to predict DDI potential and to optimize dosing in pediatric patients receiving a novel
antibiotic and time-dependent CYP3A inhibitor (solithromycin) in combination with the CYP3A
substrate midazolam and the strong CYP3A inhibitor ketoconazole (Figure 5.2). This final
chapter will briefly summarize the findings from each of these simulated DDI scenarios and will
describe how this framework can be applied to predict other metabolic and transporter mediated

DDis relevant in the pediatric population.

5.2 PBPK Modeling Characterizes the CYP3A-Mediated DDI between Fluconazole and
Sildenafil in Infants (Aim 1)

In infants for whom treatment of pulmonary hypertension and prevention or treatment of
invasive candidiasis are indicated, sildenafil with fluconazole may be given concurrently. To
account for developmental changes in CYP3A, we determined and incorporated fluconazole
inhibition constants (K;) for CYP3A4, CYP3AD5, and CYP3AY7 into a PBPK model developed for
sildenafil and its active metabolite, N-desmethylsildenafil. Fluconazole was a weaker mixed
competitive inhibitor for CYP3A5 and CYP3AT7 relative to CYP3A4. PK data in preterm infants
receiving sildenafil with and without fluconazole were used for model development and
evaluation. The simulated PK parameters were comparable to observed values for sildenafil,

however, there was some model misspecification for the active metabolite, N-desmethyl-
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sildenafil, particularly at early concentrations. Following fluconazole co-administration, fold
increase in simulated steady-state area under the sildenafil plasma concentration versus time
curve from 0 to 24 hours (AUCo-24,ss) Was greater in virtual infants than in virtual adults (2.11-
versus 2.82-fold change). When given in combination with treatment doses of fluconazole (12
mg/kg IV daily), reducing the sildenafil dose to virtual infants by 64% relative to the sildenafil
alone dose resulted in a geometric mean ratio of 1.01 for simulated AUCo.245s. Sensitivity
analysis for sildenafil across age found that the sildenafil AUC extrapolated to infinity (AUCo.-«)
was more sensitive to the reference concentration of CYP3A7 compared to CYP3A4 in infants <
2 months of age. This study highlights the feasibility of using PBPK modeling to predict DDIs in
infants and the need to include CYP3A7 parameters in neonates. However, we often do not have
CYP3AT7 parameters readily available and instead only scale CYP3A4 activity, which may lead
to poor prediction by the model in infants < 2 months of age. Finally, this study demonstrated
that DDI potential can differ between infants and adults and should be evaluated further for other
CYP3A mediated DDIs that occur for commonly administered medicines to infants.
5.3 PBPK Modeling Characterizes CYP3A and P-glycoprotein Inhibition and Induction
between Lopinavir/Ritonavir plus Rifampicin in Infants and Children (Aim 2)

HIV and TB co-infection is a serious problem worldwide and particularly in sub-Saharan
Africa. LPV/RTV and rifampicin are key medications used for HIV and TB treatment, which
result in a clinically significant DDI. The objective of this study was to use PBPK modeling to
optimize dosing of LPV/RTV plus rifampicin in pediatric patients (> 2 months of age) using the
World Health Organization (WHO) revised dosing of rifampicin (15 mg/kg) stratified by WHO
weight-bands. Adult LPV/RTYV plus rifampicin PBPK models were first developed and evaluated

in adults prior to scaling to pediatric patients. The RTV PBPK model included CYP3A4,
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CYP3AD5, and CYP2D6 metabolism; P-glycoprotein transport; glomerular filtration; CYP3A4
and CYP3ADS time-dependent and competitive inhibition; CYP3A4 induction and P-glycoprotein
inhibition. The LPV PBPK model included CYP3A4 metabolism and P-glycoprotein transport,
glomerular filtration, and CYP3A4 and CYP3AS5 time-dependent inhibition. The rifampicin
PBPK model included metabolism and auto-induction by AADAC, P-glycoprotein and
OATP1BL1 transport, glomerular filtration, P-glycoprotein and CYP3A4 competitive inhibition
and induction. The average fold error (AFE) and PK parameters were all within two-fold for
LPV, RTV, and rifampicin in adults and pediatric patients (2 weeks to 17 years of age). In the
adult simulations, rifampicin decreased the steady-state area under the concentration vs. time
curve under the dosing interval of LPV (AUCo.tss) by 79% compared to 75% reported in healthy
adults receiving standard dosing of LPV/RTV. In the pediatric simulations, PK parameters were
comparable for standard dosing alone (230/57.5 mg/m?) and boosted-dosing (230/230 mg/m?) of
LPV/RTV administered orally twice daily with 10 mg/kg daily rifampicin. This approach can be
applied to other complex transporter and metabolic DDI scenarios relevant in the pediatric

population in order to optimize dosing.

5.4 Use of PBPK Modeling and Experimental Data to Guide Dosing Modification of
CYP3A Mediated DDIs in Pediatric Patients during Drug Development (Aim 3)
Solithromycin is a novel fluoroketolide antibiotic that is both a substrate and time-
dependent inhibitor of CYP3A. Solithromycin demonstrated efficacy in adults with community-
acquired bacterial pneumonia (CABP) and has been investigated in pediatric patients. Using
solithromycin as a case study, we developed an approach for incorporating CYP3A4, CYP3ADb,
and CYP3AY in vitro data into adult and pediatric PBPK models to predict CYP3A mediated

DDl potential across all age groups during drug development. This represented the typical
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situation where there was robust adult DDI data but pediatric DDI data were lacking. To account
for age, we performed substrate depletion studies to evaluate metabolism as well as time-
dependent inhibition studies of CYP3A4, CYP3A5, and CYP3A7 by solithromycin.
Solithromycin was not a substrate or time-dependent inhibitor for CYP3A7 in the incubation
times and concentrations assessed in this study. The final PBPK model included CYP3A4- and
CYP3A5-mediated metabolism of solithromycin and time-dependent inhibition by this drug of
the two CYP3A enzymes, glomerular filtration, and P-glycoprotein transport and enterohepatic
recirculation. The AFE for adult and pediatric simulations were all within the 0.5- to 2.0-fold
acceptance criteria based on 122 adults (1966 plasma samples) and 96 pediatric patients from 4
days to 17.9 years (684 plasma samples). The DDI between solithromycin with midazolam and
ketoconazole was simulated and compared to observed data in adults. The simulated geometric
mean ratios for the AUCo-. were within 0.75- to 1.25-fold of observed values in healthy adults
receiving solithromycin in combination with midazolam or ketoconazole. DDI potential was
simulated in pediatric patients from 1 month to 17 years of age and compared with virtual adults.
Solithromycin increased the AUC of midazolam from 4 to 6 fold, and ketoconazole increased the
AUC of solithromycin from 1 to 2 fold in virtual subjects ranging from 1 month to 65 years of
age. In this study, differences in the magnitude of the DDI as a function of age were driven
primarily by minor differences in inhibition concentrations. For example, infants <6 months of
age had the highest and most variable inhibitor concentrations and thus the greatest magnitude of
CYP3A mediated inhibition. Therefore, age-related differences in DDI potential can be
minimized by closely matching adult and pediatric inhibitor concentrations for drugs with similar

exposure response relationships between adults and pediatric patients.
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5.5 Conclusion and Future Directions

We have suggested a framework for conducting and integrating relevant experimental
studies into adult and pediatric PBPK models to predict pediatric CYP3A mediated DDI
potential during drug development (Figure 5.3). Although in vitro studies for CYP3A4 and
CYP3AS are routinely performed to evaluate metabolism and drug interaction potential for new
investigational drugs, in vitro studies for CYP3A?7 are rarely performed since CYP3A7 is
minimally expressed in adults.” However, CYP3A7 is the predominantly expressed CYP3A
isoenzyme in fetal tissue and newborns, and we have demonstrated that CYP3A7 was integral
for evaluating CYP3A mediated DDIs in infants < 2 months of age using the CYP3A substrate,
sildenafil, as an example. Therefore, we recommend determining CYP3A7 parameters for
CYP3A drug combinations that are likely to be co-administered to infants. However, as
demonstrated with solithromycin, not all CYP3A4 substrates will be catalytically active for
CYP3A7. Since we cannot predict a priori whether a compound will be metabolized by
CYP3A7, CYP3AT mediated metabolism and inhibition should be performed for any CYP3A

substrate or inhibitor that is anticipated to be administered to infants.

We have also demonstrated that this systematic approach can be applied to complex DDI
scenarios involving reversible and irreversible inhibition, induction, as well as transporter
mediated interactions. For example, the DDI between LPV/RTYV plus rifampicin included P-
glycoprotein inhibition, CYP3A time-dependent inhibition, CYP3A competitive inhibition, as
well as CYP3A induction. The dynamic changes in perpetrator and victim concentrations can be
modeled as a function of time with PBPK modeling since some drugs (such as rifampicin) can
act as both reversible inhibitors and inducers, which can lead to net inhibition on the first few

days of therapy and net induction at steady-state. It is possible; therefore, that the magnitude of
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the DDI for drugs acting as both inhibitors and inducers may differ between infants and adults

based on the ontogeny pattern of relevant metabolizing enzymes and transporters.

Another important finding is that the perpetrator concentration profoundly impacts the
extent of the DDI for the victim drug, at least for drugs primarily metabolized by CYP3A4 such
as solithromycin. Using solithromycin as an example, we found that small differences in
inhibitor concentrations between infants and adults resulted in significant differences in the
magnitude of the DDI. Although we generally dose drugs in pediatric patients to result in similar
exposures observed in adults, subtle differences in exposure may result in clinically significant
differences in DDI potential between adults and pediatric patients. Furthermore, we may target
different drug exposures in children relative to adults if safety and efficacy differ in children.

This systematic approach can be applied to other metabolic and transporter mediated
DDils in pediatric patients. A major advantage of this approach is that it does not require
intensive PK data in pediatric patients receiving the drug combinations. Some important
limitations are that (1) it does require pediatric PK data for the victim and perpetrator drugs
administered alone to evaluate PBPK model performance prior to co-modeling the drug
combination, (2) CYP3AY data are rarely available and must therefore be experimentally
generated, and (3) it requires an extensive understanding of developmental physiology such as
the ontogeny of enzymes and transporters. Future studies that characterize the expression and
ontogeny of transporters throughout different organs of the body can bolster the accuracy of
predicting transporter mediated DDI potential. Finally, there is extensive variability in the
population simulations and we often report the geometric mean and its associated 90%
confidence interval for the exposure ratio with and without the perpetrator drug. To individualize

dosing for pediatric patients receiving drug combinations, future studies should be performed to
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incorporate patient specific information into PBPK modeling, such as other concomitant drugs,
the exact dosing and timing of drug co-administration, individual enzyme and transporter
concentrations, and personalized pharmacodynamic endpoints (viral resistance, drug tolerance,
and individual minimum inhibitory concentrations). It is also important to recognize that the
virtual pediatric populations may differ from the actual pediatric populations, as we found that
the virtual population often underpredicts the true variability in the patient population. Exploring
changes in protein binding, hepatic or renal function, blood flow, organ sizes, altered gene

expression of enzymes for specific disease states may improve PBPK model predictions.

Another area of research that should be explored further is how drug induction may differ
between pediatric patients and adults. There is extremely limited information in the literature
describing enzyme induction in the pediatric population. In order to properly characterize
CYP3A-mediated drug induction in infants, induction parameters should be generated separately
for CYP3A4, CYP3A5, and CYP3A7, and then these parameters can then be incorporated within
PBPK models to predict DDI potential and optimize dosing in infants and young children. It is
also possible that the ontogeny of nuclear receptors and associated co-repressors and co-
activators may lead to differences in DDI potential between infants and adults. Finally, it is also
possible that induction due to stabilization of messenger ribonucleic acid or protein stability will

differ in the pediatric population, which could be explored further with additional studies.
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5.6 Figures

Figure 5.1: Application of physiologically-based pharmacokinetic (PBPK) modeling and simulation to predict drug-drug interaction
(DDI) potential in pediatric patients
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Adult physiologically-based pharmacokinetic (PBPK) models can be developed incorporating
drug-specific, system-specific, and study protocol and formulation properties, and then evaluated
and further refined using adult clinical data. Next, drug-drug interaction (DDI) potential can be
evaluated by incorporating in-vitro induction or inhibition parameters and then further refined
using adult DDI data. Adult PBPK models can be scaled to pediatric patients including
anthropomorphic and ontogeny functions, and then model performance and scaling can be
evaluated using available pediatric data. Next, DDIs can be simulated in pediatric patients in
order to provide therapeutic recommendations across pediatric ages likely to receive the drug.
Finally, dosing recommendations can be evaluated using opportunistic pharmacokinetic data or
using prospectively captured data from an adaptive trial. During adaptive trials, efficacy and
safety of the dosages and drug combinations can be monitored in pediatric patients throughout
the trial at pre-specified times and the dosing regimen can be modified according to these interim

study results.
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Figure 5.2: Dissertation research overview
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Figure 5.3: Approach for leveraging experimental data and PBPK modeling to predict CYP3A
mediated DDI inhibition in adults and pediatric patients during drug development
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We have proposed a framework for conducting and integrating relevant experimental studies into
adult and pediatric PBPK models to predict pediatric CYP3A mediated DDI potential during
drug development. Although in vitro studies for CYP3A4 and CYP3ADS are routinely performed
to evaluate metabolism and drug interaction potential for new investigational drugs, in vitro
studies for CYP3AT7 are rarely performed since CYP3A7 is minimally expressed in adults 2.
However, CYP3ATY is the predominantly expressed CYP3A isoenzyme in fetal tissue and

newborns, and we have previously demonstrated that CYP3A7 was integral for evaluating
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CYP3A mediated DDIs in infants < 2 months of age using the CYP3A substrate, sildenafil, as an
example. ® Therefore, we recommend determining whether a drug is a substrate and/or inhibitor
of CYP3AT if this drug is likely to be administered concurrently to infants with other CYP3A
inhibitors/inducers or CYP3A7 substrates, respectively. These in vitro parameters can be
incorporated into an adult PBPK model developed and evaluated using clinical PK data and DDI
data collected in healthy adults. The adult DDI PBPK model can be scaled to pediatric patients
and evaluated using available pediatric PK data with and/or without drug inhibition. We
recommend extensively evaluating the victim and perpetrator pediatric PBPK models using
pediatric PK data for the drugs administered separately prior to co-modeling and simulated the
DDl in pediatric patients. Finally, dosing recommendations with and without drug inhibitors can
be simulated across the pediatric age continuum and provided within the product labeling. The
advantage of this approach is that it does not require pediatric clinical DDI data since such
studies are rarely performed unless children receive the drug combinations per standard of care.
However, as clinical data becomes available in pediatric patients receiving the drug
combinations per standard of care, the dosing recommendations can be further refined using

opportunistic PK data.
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